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Abstract 
Abstract 
The shift into a low carbon economy in Australia has seen the increase of natural gas 
production such as coal seam gas (CSG). CSG is a naturally occurring gas that is largely composed 
of methane, held in underground coal seams by groundwater pressure. The extraction of CSG is 
conducted by de-pressurising the seams, which results in a large amount of produced water. This 
produced water called coal seam gas water, is typically brackish and has a high sodium 
concentration in comparison to calcium and magnesium (high sodium adsorption ratio (SAR)). 
Due to the nature of CSG waters, the use of this water has to be managed carefully. In Australia, 
beneficial use of CSG water is encouraged in a way that it maximises its productive use as a 
valuable resource, which includes agricultural irrigation. Agricultural irrigation with CSG water is 
a relatively new practice in Australia, thus, there is a need to assess the effects of the waters high 
sodium concentration on Australian soils.  
This research investigates the effects of CSG waters high salinity and sodicity onto three 
Australian soils and its sodium adsorption potential. Synthetic CSG water was used to carry out 
both a flow-through column experiment and batch tests to determine the physico-chemical changes 
in the soil post irrigation and sodium adsorption potential of each soil respectively. Three types of 
soils were used in this study as not to generalise soils as a whole. In addition, the soils are common 
agricultural soils in Australia. The soils collected were classified as black Vertosol, grey Vertosol 
and brown Chromosol, which were collected from East Theten, a farm outside of Dalby, 
Queensland.  
The results of this investigation can be divided into the soils potential on adsorbing 
sodium, the effects of irrigation with saline sodic water onto soils and the hypothetical 
consequences it may have on crop production. From these sections, it was found that each soil 
behaves differently in response to the irrigation. The sodium adsorption potential measured using 
isotherms, suggested that the black Vertosol has the highest potential in adsorbing sodium, 
followed by the grey Vertosol. The brown Chromosol however was found to have little to no 
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correlation with sodium adsorption; suggesting that out of the three soils, it has the weakest 
potential in adsorbing sodium. From this investigation, it was found that the Aranovich-Donohue 
isotherm (an extension of the Langmuir isotherm) was found to be the best fit for the three soils; 
suggesting a multilayer adsorption may be occurring on the soils.  
The sodium adsorption was evident in the changes in salinity, sodicity and hydraulic 
conductivity of the three soils post-irrigation with saline-sodic water. When irrigated with saline-
sodic water (SAR~100), it was found that the black Vertosol became saline and sodic, while the 
grey Vertosol and brown Chromosol became sodic and strongly sodic respectively. All three soils 
also decreased in hydraulic conductivity post irrigation with the saline-sodic water. This indicates 
that when irrigated with untreated CSG water, these soils may become saline, sodic or both and in 
turn can lead to other soil problems and loss of soil productivity. In order to predict the effect it 
may have on crop yield, a salinity hazard assessment was conducted. This hypothetical assessment 
found that if the Vertosols and brown Chromosol were to be irrigated with CSG water, it would be 
recommended that the water have a SAR of <50 and EC <3mS/cm for tolerant crops; and SAR of 
<34.5 with an EC of <1.64mS/cm for sensitive crops.    
Detailed investigations allowed the conclusion that the beneficial use of CSG water can 
be utilised to irrigate agricultural land with careful management of irrigation practice, such as 
identifying leaching fractions and soil sodium adsorption, which all should be soil specific. This 
study further confirms Bennett & Raine’s (2012) conclusion that there is a need to reconsider the 
use of current guidelines for irrigation management. The use of isotherms to quantitatively measure 
adsorption was found to be useful; however, the type of isotherm used is critical. The conclusion 
of multi-layer adsorption would have to be used with caution, as this is a microscopic mechanistic 
that cannot be explained by using adsorption isotherms. 
Aside from contributing to the study of Australian soils and its potential effect from the 
irrigation of CSG waters, this study has also contributed to studying the use of adsorption isotherms 
in suggesting soil sodium adsorption potential, as well as the importance of using the best fit 
isotherm.  
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1Chapter 1:  Introduction 
This chapter outlines the background and context (Section 1.1) of the study, the research 
problem (Section 1.2), the overarching objectives of the study (Section 1.3), and the significance 
of this research (Section 1.4). The chapter concludes with an outline of the remaining chapters of 
the thesis (Section 1.5). 
 BACKGROUND AND CONTEXT 
In the past decade, there has been a shift to a reduced carbon economy in Australia and 
one of the initiatives is the use and production of natural gas such as Coal Seam Gas (CSG) 
(CSIRO, 2013). Though the CSG industry has been around for more than a decade in Australia 
(APPEA, 2015b), the focus on this industry has only come within the past 5-6 years with industry 
expansion in Queensland and New South Wales. In Australia, one of the regions with a high rate 
of CSG development is the Surat Basin in South-West Queensland.  
Natural gas generates 22% of electricity globally and is the 2nd largest source of electricity 
(OECD, 2014).  It is predicted that natural gas consumption will rise over the coming decades. For 
this reason, and like any other resource sector, questions arise in regards to its response to the triple 
bottom line of environmental, social and economic impact. The impacts of CSG development vary 
across the world, thus in this research project, the environmental impact of the development will 
be assessed; specifically, in regards to the sodicity impact of CSG water on soils found in Dalby, 
Queensland. It is important to assess this impact on soils, as high sodium content in irrigation 
waters cause structural degradation of soils which in result may lead to reduced hydraulic 
conductivity of soil, erosion, and decreased crop yield. 
CSG is a naturally occurring gas, largely composed of methane, which is held in 
underground coal seams by groundwater pressure. In order to extract this gas, wells are drilled into 
coal seams and water is pumped out to the surface thereby depressurising the seams. This produced 
water is called CSG water and has specific hydrochemical characteristics, but mainly consists of 
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brackish water with high sodium concentrations and low calcium and magnesium concentrations 
(Nghiem, Ren, Aziz, Porter, & Regmi, 2011). As this water has specific hydrochemical 
characteristics, it is important to monitor the water itself, including its use and disposal. One of the 
major problems with CSG water is its high sodium concentration (sodic). Since one of the major 
uses of CSG water in Australia is for irrigation water, it is important to identify the effects this 
water has on land. 
Due to the different hydrochemical characteristics of the water (compared to normal 
irrigation water), this study focuses on the effects of irrigating soils from Dalby, Queensland with 
raw and treated CSG water. In this study, synthetic saline-sodic solutions were used in substitution 
of CSG water, as the major ion of interest is sodium, and the potential effect being studied is its 
accumulation on soils over time. This research was conducted by determining baseline soil 
parameters that adequately characterise water flow through soil profiles and the sodium adsorption 
process that could take place with continuous irrigation. In order to simulate in-situ conditions, 
undisturbed cored soil samples from East Theten, a farm located outside of Dalby, were used. 
The experiments conducted were focused on the changes in the chemical and structural 
behavioural of the soils due to the salinity and sodicity of CSG water. This was completed on the 
following three major soil types found in the area: black Vertosols, grey Vertosols and brown 
Chromosols. Soils have different physical and chemical characteristics according to their order and 
suborders; thus, it is important not to generalise the effect of salinity on soils as a whole. Vertosols 
are soils with a clay field texture of ≥35% with shrink-swell properties that show cracks when dry 
and have slickensides and/or lenticular structure with depth (Isbell, 2002). The most common 
parent material of Vertosols are alluvial, clayey sediments, shales, mudstones, impure limestones 
and basic igneous rocks such as Basalt. These parent materials are the main reason for the dark and 
black forms of the soils (Isbell, 2002).  The main difference between the black and grey Vertosol 
is the dominant colour class. Other differences include the slight variation of sand percentage, with 
grey Vertosol having a slightly more sand percentage than the black Vertosol;  a slight higher 
electrical conductivity (EC) for the black Vertosol and a lower pH1:5 for the black Vertosol 
(McKenzie, 1999). 
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Chromosols are soils with a strong texture difference between the A and B horizons, with 
the latter being not strongly acidic and not sodic (Isbell, 2002). The A horizon are typically sandy 
soils and the B horizon being a more clayey soil. The most common Chromosol is the red and 
brown Chromosol, which are favourable for agricultural soils. Both the Vertosols and Chromosols 
are looked at favourably for agriculture in Australia, especially the Vertosols for extensive dry land 
agriculture, where rainfall is adequate (Isbell, 2002). Different soil types have different 
productivity and behaviour. They also behave differently, according to the chemical composition 
of the water.  The high sodium content of CSG water has the potential to affect soil productivity; 
thus, it is important to study the effects of CSG water on soil processes.  
 RESEARCH PROBLEM 
Groundwater produced during coal seam depressurisation typically has high sodium 
adsorption ratio (SAR), is slightly brackish and thus can be problematic if the water is disposed 
onto land surface without proper treatment. In the Dalby area, production volumes of such water 
will increase significantly over the next decade (Klohn Crippen Berger, 2012) in Queensland. One 
option for managing CSG water is by irrigation, which is considered a beneficial use of the water 
(Queensland Government, 2012). However, due to the sodicity of these groundwaters, the soil 
structure of the agricultural soils can be degraded.  This damage occurs when sodium ions from 
the water adsorb onto the clay fraction of the soil, causing the soil structure to break down and 
resulting in a reduction in soil permeability. This can lead to a decrease in infiltration and increased 
runoff, thus promoting surface erosion. Additionally, due to the salinity of the water, the soil 
(specifically the root zone) may become saline and retain the salts present in the water, potentially 
leading to poor crop yield in agricultural soils. 
 AIM AND OBJECTIVES 
 The aim of this research is to describe and determine the sodium adsorption potential of 
soil collected from an agricultural research farm in which both raw and treated CSG water will be 
used for irrigation. In addition, this study aims to characterise the flow of saline solutions 
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containing sodium through soils that could potentially be affected by CSG water over an extended 
period of time. 
A literature review has been carried out and is presented in Chapter 2. From the literature 
review, it was found that there is a lack of understanding of the sodium processes and sodium 
adsorption potential in soils irrigated with CSG water in Australia, particularly agricultural soils. 
The following research question was then formulated: How will the soil behave, as the site specific 
soils are irrigated with saline-sodic water? The major soil properties of interest are sodicity, salinity, 
sodium adsorption potential and hydraulic conductivity. These parameters indicate whether the 
soils are affected by the sodium present in CSG water. By using sodium chloride solutions which 
represent both treated and raw CSG water to leach the soils the overarching research question can 
be broken into two parts. From these questions two hypotheses were formed (Figure 1-1). Figure 
1-1 shows how the research question and hypothesis informs the research program.  
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Figure 1-1 Flowchart describing the research program by highlighting the major methods and 
analyses conducted  
Overarching questionHow will the soil behave, as they are irrigated with saline-sodic water?
Q1Will irrigation of site-specific soils with saline-sodic water cause changes in soil sodicity and cause soil structural problems?
H1Soil structural problems will occur and cause a decrease in soil hydraulic conductivity when the soils are irrigated with saline-sodic water.
Q2Will irrigation of site-specific soils with saline-sodic water cause changes in soil salinity and potentially affect crop production?
H2Soil salinity will increase, which will affect the leaching fraction of the soil and production of crops  when the soils are irrigated with saline-sodic water.
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Determining the salinity of the soils after irrigation and the most appropriate SAR and EC of saline-sodic water for irrigation  
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Identify the changes in soil sodicity and hydraulic conductivity post-irrigation 
Measure sodium adsorption potential of soils by using adsorption isotherms 
Identify the changes in soil salinity post-irrigation & conduct salinity hazard assessment  
Determining the sodicity and hydraulic conductivity of the soils after irrigation with highly saline-sodic water 
Soils maximum sodium   adsorption capacity 
Predicting leaching fraction & percentage crop yield based on hypothetical situation   
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The main objective of this research is to study the changes in salinity, sodicity and 
hydraulic conductivity of East Theten soils by observing sodium adsorption process in soils 
subjected to irrigation with CSG water. Furthermore, this study will assess the salinity hazard of 
soil irrigation with CSG water.  In addition to this objective, recommendations for water quality 
parameters (SAR and EC) for the irrigation of East Theten soils with CSG water will also be 
developed. The aims and objectives of this research will be achieved through the following tasks: 
 Determine soil parameters by: 
o Characterising the hydraulic flow properties of East Theten soils by conducting 
laboratory testing and data analysis 
o Characterising the physico-chemical properties of the soils by conducting laboratory 
testing and data analysis 
o Characterising the sodium adsorption properties of the soils  
o Measuring the leaching fraction, root zone salinity and identifying potential crop yield 
 Determine the best adsorption isotherm that models sodium sorption on East Theten soils  
 SIGNIFICANCE AND SCOPE 
As the world is slowly changing to the use of natural gas for electricity generation, there 
is a need to assess the impacts it will have on the environment. Soil productivity is significantly 
important when it comes to agriculture. Dalby, which is located in the Darling Downs region of 
Queensland, is known for its agriculture, and with the increasing development of CSG production 
in the area there is a need to assess the impact it will have on soils. Though there are already studies 
conducted on the impacts of CSG water on soils (C. R. Bern et al., 2013; Davies, Gore, & Kahn, 
2015; Engle et al., 2011; Johnston, Vance, & Ganjegunte, 2013), the environmental impacts of 
CSG development and production vary across the world, as the local geology, hydrogeology and 
environment are not identical in every single CSG development area. Thus, it is important that the 
impacts are identified and assessed at a local scale, and not generalised. 
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This research will characterise the soils from an agricultural research farm near Dalby and 
their sodium adsorption potential. This farm (Theten farm) is to be used by Arrow Energy as an 
experimental site for monitoring soil response to CSG water irrigation. Therefore, characterisation 
of the baseline properties of these soils is needed prior to irrigation at this farm facility. In this 
context, this study aims to describe the soils collected from the Dalby site, with special emphasis 
on sodium adsorption properties and changes in permeability produced by laboratory leaching and 
irrigation experiments. The purpose of the irrigation experiment is to replicate in-situ irrigation and 
observe the changes in salinity, sodicity and hydraulic conductivity of the soils; whereas the 
leaching experiment is completed to observe the sodium adsorption potential of the soils.  
The sodium adsorption potential of East Theten soils were assessed by modelling 
adsorption isotherms. In order to do this, a batch test and a flow-through column test was 
conducted. Batch tests are the preferred method to study adsorption as they are simple and easy to 
set up compared to flow through column experiments that can be time consuming. However, 
column experiment results closely simulate in-situ processes, especially when undisturbed 
columns are used. In this study, the experimental set-up of the flow-through column experiment 
was completed using a modified triaxial cell set-up.  
The scope of this project is to study the baseline characteristics of the soils found in East 
Theten and the effect of leaching and irrigation with CSG water.  This will be conducted using a 
saline-sodic solution that closely mimics the sodicity of raw and treated CSG water, which is set 
up in a flow-through column set up so that it replicates practice. 
This study will contribute to understanding the effects of salinity and sodicity found in 
CSG water on Queensland soils, including a more extensive soil evaluation and an assessment of 
the soil suitability for irrigation with treated and untreated CSG water. 
 THESIS OUTLINE 
This thesis consists of 7 chapters. Chapter 1 introduces the background and context of the 
study. It then introduces the research problem along with the aim, objectives and scope of the 
research. Also included in this chapter is the overarching research question and hypotheses that 
this study tests. 
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Chapter 2 explores the context of this study by conducting a literature review on the 
background of CSG industry and the production, use and characteristic of CSG waters. This 
chapter then discusses the impacts of CSG water and saline-sodic water on soils in order to 
understand the impacts of high sodium content when used as irrigation water. 
Chapter 3 describes the research methods and research design of the study. A background 
of the study area is also included in this chapter along with a timeline which shows the progress of 
the experimental part of the study. 
Chapter 4 describes and analyses the baseline characteristics of the soils found in East 
Theten farm. The results from this chapter are used to predict the soils’ susceptibility to deteriorate 
if the soils were to be leached and/or irrigated with water that is high in sodium content and to also 
characterise the soils before it is irrigated with saline-sodic water. 
Chapter 5 investigates the East Theten soils’ sodium adsorption potential. This was 
completed by quantitatively measuring sodium adsorption using multiple adsorption isotherms. 
Multiple isotherms were used in order to find the best fit of the measured values. Breakthrough 
curves were also used to identify ion exchange process occurring within the soil. 
Chapter 6 investigates the impact of irrigating and leaching East Theten soils with highly 
saline-sodic water. The changes in soil salinity, sodicity and hydraulic conductivity were measured 
and compared to measurements found in Chapter 4. Furthermore, a salinity hazard assessment of 
the soils was conducted to predict the leaching fraction, root zone salinity of the soil and potential 
crop yield on East Theten soils if they were to be irrigated with saline-sodic water. 
Chapter 7 concludes the research and states the major findings from this study, which 
includes recommendations for future studies. 
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2Chapter 2:  Literature review 
There is an increasing interest in the use of CSG produced water as irrigation water, 
especially in Queensland, where most of the CSG production is occurring in Australia.  The 
literature review section defines the purpose of this study by reviewing previous studies that have 
been completed in regards to the CSG industry, use of CSG water and common methods used to 
describe and model sodium adsorption from CSG waters. The purpose of this literature review is 
to identify the gaps in literature regarding the sodium adsorption from saline sodic waters such as 
CSG water and to determine potential application of irrigation water onto Queensland soils. To 
determine this, the use of such water around the world will also be reviewed. Furthermore, the 
common methods to describe the adsorption of salts onto soil particles will also be reviewed. The 
chapter begins with reviews of literature on the coal seam gas industry as a whole, exploration in 
Australia, the produced water and its use in the agricultural irrigation sector. The chapter then 
focuses on the effects of coal seam gas produced water has on agricultural land application and 
methods to describe adsorption of sodium onto soils. The final section of the chapter highlights the 
implications and gaps from the literature, and develops the conceptual context for the study. 
 COAL SEAM GAS INDUSTRY 
As the world turns to alternatives of coal to generate energy, there is an increase in global 
production of natural gas. In 2011,  the global production of natural gas had increased to 22% from 
13% in 1971, and became the 2nd largest source of electricity generation to coal (OECD, 2014). 
One of the relatively new natural gas industries in the energy sector is coal seam gas (CSG), with 
only around 30 years of commercial production (Clarkson & Bustin, 2011). The CSG exploration 
commenced in the United States of America (USA) in the 1970’s, in which the country has since 
become the highest producer of CSG contributing to 70-80% world production of CSG, followed 
by Australia (Geoscience Australia, 2014; Hamawand, Yusaf, & Hamawand, 2013). Other 
countries who have since explored the production of CSG include Canada, China, India, New 
Zealand and the United Kingdom.  As of 2011, the world’s CSG production is estimated to be 
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around 2700 PJ, with a total CSG resource of around 4.6 million PJ (Department of Industry, 
Geoscience Australia, & Bureau of Resources and Energy Economics, 2014). 
2.1.1 CSG industry in Australia  
The CSG industry has existed in Australia, and in particular Queensland, for 
approximately 20 years (APPEA, 2015b). The first exploration began in 1976 in Queensland, 
however first commercial production in Australia began in 1996 (BREE, 2012; Geoscience 
Australia, 2014), with a growing commercial utilisation in recent years shown in Figure 2-1. In 
2010, Australia’s economic demonstrated resources (EDR)* for CSG was 35 055 PJ (BREE, 2012), 
around one third of conventional gas, and at the end of 2013 it increased to 45 013 PJ (BREE, 
2014). Production of CSG has increased significantly in recent years, as seen in Figure 2-1and 
Table 2-1, with the rapid increase of production from 2% in 2002-03 to 12% in 2013-14 (BREE, 
2014). CSG production in Australia was measured at 307 PJ in 2014-15. This is an increase from 
226PJ in 2009-10, whereby most of the CSG production is sourced from Queensland (BREE, 
2014; Department of Industry and Science, 2015) and is being developed for domestic use as well 
as LNG export. 
 
Figure 2-1 Australia's economic demonstrated gas resources. Source: Bureau of Resources and Energy Economics(BREE) (2014) under the Creative Commons BY licence 
  
                                                          
 
* EDR: Economic Demonstrated Resources. Combines the JORC code categories for ‘Proved reserves’, 
‘Probable Reserves’, ‘Measured Resources’, and ‘Indicated Resources’  
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Table 2-1  Australia's coal seam gas production in PJ (Adapted from BREE (2012) and Department 
of Industry and Science (2015), Australian energy statistics Canberra, August Table Ra) 
State 2006-07 2007-08 2008-09 2009-10a 2010-11a 2011-12a 2012-13a 2013-14a 
QLD 88 129 150 220 244 266 276 302 
NSW 11 5 5 6 7 6 6 5 
Australia n/a n/a n/a 226 250 273 282 307 
 
2.1.2 CSG in Queensland 
 Significant CSG resources are found in the major coal basins of Eastern Australia. Most 
of the CSG exploration in Australia has been in the Surat and Bowen basins in Queensland (refer 
to Figure 2-2). Currently, CSG is the dominant source of gas in Queensland, with 92% of the CSG 
reserves found in Queensland, particularly the Surat Basin (69%) (Department of Industry et al., 
2014). The growth of CSG production in Queensland, in comparison to conventional gas, can be 
seen in Figure 2-3. In 2012, the Bureau of Resources and Energy economics reported that exports 
of LNG based on CSG are expected to commence from Australia’s East coast, and as of 2014, one 
of the three projects of CSG-LNG (Queensland Curtis LNG)  have commenced in December 2014 
(Office ofthe Chief Economist, 2015). In addition, Santos (2014) has previously reported that 
Queensland has enough resources to adequately supply LNG export opportunities; thereby 
growing domestic demand of LNG and ensuring the long-term supply of gas in Australia. 
Therefore production of CSG will continue to grow in Australia, particularly in the East coast,  to 
support domestic use and LNG exports (Arrow Energy, 2014; BREE, 2012, 2014; Office ofthe 
Chief Economist, 2015; Origin, 2014; Santos, 2014).  
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Figure 2-2 Queensland petroleum and coal seam gas reserves (map not to scale) (Department of 
Industry, Innovation and Science, 2015).  Source: Licensed from the Commonwealth of Australia under a Creative Commons Attribution 3.0 Australian License. The Commonwealth of Australia does not necessarily endorse the content of this publication. https://creativecommons.org/licenses/by/3.0/au/  
 
 
Figure 2-3 Queensland conventional and CSG annual production as of 30th June 2014. Source: DNRM (2016) 
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 CSG WATER  
 Coal seam gas (CSG) is a form of natural gas that is formed from decaying organic 
matter (OM) overtime and is held in coal seams by water pressure. CSG is a combination of many 
gases, but mainly consists of methane (95%) (Hamawand et al., 2013). To extract the gas, wells 
are drilled down into the coal seams and a pump is used to extract both groundwater and gas. The 
groundwater is extracted to relieve the pressure holding the gas in the coal seams, so the gas can 
be released into the wells. This ‘associated water’ extracted from the production of CSG is often 
called CSG water. Under the general beneficial use approval (GBUA) and CSG water management 
policy (2012), CSG water is encouraged to be beneficially used, “in a way that protects the 
environment and maximises its productive use as a valuable resource” (DEHP, 2014). Therefore, 
in Australia, CSG water is often treated to remove salts and other chemical constituents. The 
production of CSG water, its use and impacts on the environment will be discussed in the sections 
that follow. 
2.2.1 CSG Water production 
The production of CSG results in large quantities of by-product water production, and as 
the CSG industry grows in Australia and globally, the production of CSG water will also increase. 
In 2007 alone, 12.5 GL of CSG water was produced in Queensland (Nghiem et al., 2011), and an 
estimated 38.12 GL water was produced† in 2014, meaning production of CSG water had tripled 
in 7 years. More recently, the cumulative water production from CSG exploration to date 
(cumulative from 1 January 2011 to 2nd quarter of 2015), has been estimated to reach 116.18 GL 
(APPEA, 2015a). In a report prepared by Klohn Crippen Berger (2012) for the DNRM, estimates 
of produced water from CSG production were calculated, in which CSG water production will 
reach to around 175 GL/year in about 2020 (based on scenario 2: simulated industry expansion 
using geology, infrastructure and current gas production areas as drivers for growth (Klohn 
Crippen Berger, 2012)). 
                                                          
 
† Values summed from 1st, 2nd, 3rd and 4th quarter of 2014 from APPEA industry statistics  (APPEA, 2015a)  
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As the industry is growing rapidly and substantial volumes of water will be produced, it is 
important to consider the management and use of this water. There has been much research carried 
out on potential environmental implications associated with CSG water production; however, a 
large number of research projects completed were not conducted in Australia, rather the Powder 
River Basin (PRB) Wyoming and Montana, USA (C. R. Bern et al., 2013; Engle et al., 2011; 
Ganjegunte, King, & Vance, 2008; Jackson & Reddy, 2007; Johnston et al., 2013; McBeth, Reddy, 
& Skinner, 2003). Montana has the largest coal reserves and the largest coal deposit throughout 
the USA (McNally & Gurney, 2001). Much of the early research conducted (e.g. Jackson and 
Reddy (2007) and McBeth et al. (2003)) was focused on the characteristics of the water and not on 
the use and disposal of the water. Also, no comprehensive assessment was carried out on the 
potential long-term impact that CSG water may have on the environment. Due to the growing 
interest in CSG (especially in Australia) in recent years, there has been more research published 
regarding CSG water effects on the environment (C. R. Bern et al., 2013; Bern, Breit, Healy, 
Zupancic, & Hammack, 2013; Engle et al., 2011; Ganjegunte et al., 2008; Johnston et al., 2013; 
Tan, George, & Comino, 2015) and CSG water production in Australia (Belling, 2015; Dale, 2015; 
Davies et al., 2015; Navi, Skelly, Mauricio, & Nasiri, 2015; Tan et al., 2015). 
2.2.2 Characteristics of CSG water 
CSG waters are typically saline, sodic and high in bicarbonate content (Dale, 2015; Van 
Voast, 2003). Although CSG water characteristics are fairly similar throughout the world, the 
specific chemical composition varies. This is due to the different geochemical process determined 
by the in-situ coal chemistry. Coal seams underground are confined by other geological units such 
as mudstone, shale, or clay; and the arrangement and characteristic of these connecting units 
defines the geochemical process responsible for the chemical composition of CSG water (Taulis, 
2010). Taulis (2010) explained the processes in 5 steps, which include a biogenic and thermogenic 
production of methane and carbon dioxide, which is followed by an accumulation of high 
bicarbonate concentration. Dissolution of minerals then occurs, followed by an increase of sodium, 
depletion of calcium and magnesium, and sulphate reduction. Typical CSG hydrochemical 
 15 
Chapter 2:  Literature review 
characteristics in Australia compared to New Zealand (NZ) and the USA are shown in Table 2-2.  
The NZ data was derived from a study of the CSG water characterisation in Maramarua, New 
Zealand (Taulis & Milke, 2007); whereas the Australian and USA data was derived from a 
combination of a few research studies as indicated in Table 2-2. 
Table 2-2 shows that although the individual values vary between the countries, the range 
of the values is similar. Since there are currently no comprehensive databases for CSG water 
quality in Queensland or Australia, findings from a few studies of CSG water in Australia were 
used in Table 2-2 (Dale, 2015; Kinnon, Golding, Boreham, Baublys, & Esterle, 2010; Nghiem et 
al., 2011).  A study by Nghiem et al. (2011) showed the range of ionic composition of CSG water 
found in the Surat Basin, while a study by Kinnon et al. (2010) analysed CSG water quality from 
the Bowen Basin. For comparison, a database created by Di Stefano, Ferro, and Mirabile (2010) 
of typical water quality values from CSG water produced in the USA, and a study of the CSG 
water characterisation in Maramarua, New Zealand (Taulis & Milke, 2007) were used.  
Table 2-2 Typical major components in CSG water adopted from a. Nghiem at al. (2011), b. Dahm et 
al (2011), c. Dale (2015) d. Kinnon et al (2009) and e. Taulis & Milke (2007) 
Hydrochemical properties 
Concentration 
Australia New Zealand e USA 
pH 7.6-9a 7.65* 8.2-8.5 
TDS (mg/L) 1000-8090cd 776* 150-3900b 
SAR (meq-0.5) 107-160ac 
 
0.2-453b 
Bicarbonate (CaCO3) mg/L 453-2860d 471.6 (as HCO3-)* 290-2416a 
Sodium (mg/L) 300-3461ad 312.8* 130-880a 
Potassium (mg/L) 4-33d 3 1.2-35.2a 
Magnesium (mg/L) 2-72d 0.9 0.001-14.6 
Calcium (mg/L) 4-109d 6 1.7-28a 
Chloride (mg/L) 590-1030a 143.9* 6.3-64a 
Fluoride (mg/L) 0.07-1a 0.79 
 
Boron (mg/L) 
 
2.5 0.2a 
*An average of 33 samples 
 
It can be seen that the pH range of Australia’s water is larger compared to the USA; 
however, the range of pH between the three countries indicate that the pH of the CSG waters are 
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slightly alkaline to alkaline. TDS is one of the measurements of salinity. Salinity is the presence of 
soluble salts in water or soils. In drinking water, the levels of salinity should be less than 1000mg/L 
(TDS), whereas in irrigation waters, 1943-3484mg/L‡ is considered highly saline and water with a 
TDS above 5427mg/L§  is extremely saline. Measuring the salinity of water is important in waters 
used for land application, as it has a direct link to plant water uptake and potential soil degradation. 
Waters which are considered extremely saline, will have little to no crop yield (ANZECC, 2000) 
and cause soil dispersion. Based on the range of TDS values given in Table 2-2, CSG water is too 
saline to be utilised for irrigation. The same goes for the sodicity of CSG water.   
Sodicity is measured by the sodium adsorption ratio (SAR), which is the ratio of sodium 
(Na+) compared to calcium (Ca+) and magnesium (Mg+). Water is considered to be sodic when the 
SAR value exceeds 12 (Veil, Puder, Elcock, & Redwick, 2004). As seen in Table 2-2, CSG water 
would be classified as highly sodic. As CSG water is typically saline and sodic, it is classified as 
saline-sodic water.  
Bicarbonate content in CSG waters are typically high and can be accounted for by 
processes in the aquifer (Taulis & Milke, 2007). Bicarbonate is important to measure as the 
solubility of calcium and magnesium decreases with the increase of bicarbonate concentration.  It 
evident from Table 2-2, CSG waters are typically high in bicarbonate, sodium and TDS. This was 
observed in the past by (Van Voast, 2003). In Van Voast's (2003) study conducted in the USA, 
Voast reported that CSG water has the same chemical signature with high bicarbonate and sodium 
content, and low calcium and magnesium content, regardless of formation lithology or age.  
In Australia the levels of bicarbonate and TDS differ greatly (Table 2-2). In the Bowen 
Basin, the bicarbonate and TDS concentrations can measure up to 2860 mg/L and 8090 mg/L 
respectively (Kinnon et al., 2010), while in the Surat Basin, typical values measure (Hamawand et 
al., 2013) up to 1030 mg/L and 6000 mg/L respectively (Nghiem et al., 2011). This further confirms 
that although most CSG water has a similar chemical signature, the specific water composition is 
                                                          
 
‡ Based on a conversion factor of EC (dS/m) × 670= TDS (mg/L) (ANZECC, 2000) 
§ Based on a conversion factor of EC (dS/m) × 670= TDS (mg/L) (ANZECC, 2000) 
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dependent on its location. Taulis and Milke (2007) had also stated that the varying concentrations 
across different basins are not unexpected as it can be explained by the geochemical processes.  
2.2.3 CSG water Usage 
 
As the quantity of CSG water produced in Australia increases, the management, use and 
disposal of CSG water would need to be carefully managed. In the USA, CSG water is managed 
differently in different states; however, a large portion is re-injected for enhanced gas recovery 
when applicable (Hamawand et al., 2013). The remaining portion is often beneficially used for the 
environment. Land application of CSG water is a common management method, especially in the 
Powder River Basin of Wyoming and Montana. CSG water as livestock watering has been used in 
the USA, mainly if the CSG water produced is on ranch land (Veil et al., 2004). In Queensland, 
Australia, Arrow Energy provides up to 4 ML/day of untreated CSG water for stock watering  
(Eshel, Levy, Mingelgrin, & Singer, 2004).  
CSG water has also been used as irrigation water, as the agriculture industry is one of the 
major water users globally. In the USA, this occurs in Wyoming and the Powder River Basin 
(PRB). In Wyoming, one project had used untreated CSG water and blended CSG water to irrigate 
livestock forage (ALL, 2003). Two separate projects in Wyoming, Veil et al. (2004) reported that 
CSG water was used to irrigate large land areas, which resulted in the land being able to support 
healthy grass crops, and another CSG water irrigation project had turned an overgrazed rangeland 
to highly productive grassland with livestock and wildlife. In another example, Veil et al. (2004) 
found that an irrigation project in the PRB (unspecified state) with CSG water had produced a 
forage crop. This project had since produced, harvested and sold these crops. In Australia, irrigation 
projects are still currently on trial by some of the major CSG producers. In 2011, Arrow Energy 
had received permission from the Queensland government to use treated CSG water to irrigate 
crops on its mixed cropping and grazing property (Davies et al., 2015). In 2014, Santos had 
established the Fairview Irrigation Project; at which treated CSG water was to be used for drip 
irrigation on legume forage crops and eucalyptus plantation (Davies et al., 2015) Other uses of 
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CSG water include onsite and offsite industrial use, such as dust control, vehicle and equipment 
washing, and fire control (Davies et al., 2015; Veil et al., 2004). 
Nghiem et al. (2011) studied the treatment of CSG water for beneficial use in Australia 
and concluded that if the water is appropriately treated, it can be a vital resource to alleviate water 
shortage that occurs often. According to the Coal Seam Gas Water Management Policy 2012 
(Queensland Government, 2012) and the GBUA (DEHP, 2014), the number one priority of using 
CSG water is to use it for a purpose that is beneficial to the environment, existing or new water 
user and existing or new water-dependent industries. One of the types of beneficial use approvals 
of CSG water in Australia is irrigation. 
 AGRICULTURAL IRRIGATION WITH SALINE-SODIC WATER  
The majority of CSG water production in Australia occurs on the Surat basin in 
Queensland (refer to Figure 2-4). The Darling Downs farming region lies within a section of the 
Surat Basin. Agriculture is one of the most important sectors in the Darling Downs region, and 
thus a lot of water is required for irrigation. A number of CSG producing companies in the Darling 
Downs have claimed to irrigate agricultural land with treated CSG water. For example, both Santos 
and Arrow Energy are companies that use treated CSG water for irrigation, with Arrow Energy 
irrigating their Theten Farm in the Darling Downs (Arrow Energy, 2013). 
 
Figure 2-4 Location of Surat Basin in Queensland (Rebello, Couperthwaite, Millar, & Dawes, 2016). Re-use with permission 
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In the USA, the use of CSG water for irrigation has taken place in Wyoming, for livestock 
forage and drought-tolerant vegetation. A test site in Wyoming in which the land was irrigated with 
CSG water, has transformed an overgrazed range land to a highly productive grassland (Veil et al., 
2004). The agricultural irrigation in the USA has been met with some success; however, these 
projects were closely managed. The CSG projects described in section 2.2.3 are examples of CSG 
water usage in the USA for irrigation. It was reported that when untreated CSG water was used, it 
had to be applied at a higher rate, as the plants could not efficiently utilise it (ALL, 2003); and on 
another project, gypsum and other soil supplements (unspecified) were applied between irrigation 
in order to counteract the high SAR of the CSG water (Veil et al., 2004). 
Untreated CSG water is typically saline-sodic with a high SAR content, making it 
unsuitable for agricultural irrigation, as water with high SAR can cause soil to disperse and reduce 
soil hydraulic conductivity. This and added salinity can lead to poor crop yield from reduced water 
availability for plant uptake (refer to Section 2.3.3 for salinity & sodicity impacts). Therefore, 
treatment of CSG water is necessary before it is used for irrigation. Though it has been 
demonstrated in the USA that both untreated and treated CSG water can be used for agricultural 
purposes, there is still a need to assess sodium adsorption of CSG water on soils, as such re-use of 
CSG water for land irrigation is relatively new in Australia. This research intends to provide 
evidence that irrigation with treated CSG water is an effective and beneficial way of water reuse if 
properly managed. 
2.3.1 Current and previous research  
There are numerous research studies reported on the application of saline-sodic water 
(Bennett, 2013; Cucci & Lacolla, 2013; Ezlit, 2009; Ganjegunte et al., 2008; Gonçalves et al., 
2006; Vance, King, & Ganjegunte, 2008) onto land as well as application of CSG water (C. R. 
Bern et al., 2013; Davies et al., 2015; Engle et al., 2011; Johnston et al., 2013). There is an increased 
interest in the use of marginal quality saline-sodic water as irrigation water, as good quality 
irrigation can be limited in some geographical areas (Bennett, 2013). Salinity and sodicity are the 
main factors of interest in the use of CSG water, as they are typically high in sodium content. Due 
to the high sodium content of CSG water, they can be both saline and sodic. Thus, focusing only 
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on the sodium ions, the application of CSG water onto land would have the same effects as pure 
saline-sodic water on land application. In 2008, Ganjegunte et al. (2008) had reported that land 
applications with CSG water had significantly altered soil chemical characteristics in the Powder 
River Basin, USA. The application had caused an increase in electrical conductivity (EC) and SAR 
values of soil up to 120cm depth in fine textured soils. The following year, Ezlit (2009) investigated 
the soil response to highly saline-sodic irrigation water by determining specific soil properties and 
modelling the flow of irrigation water. As part of the approach, Ezlit (2009) determined the change 
of soil characteristics associated with the application of saline sodic water on Vertosol and Sodosol 
soils.  In the findings, it was concluded that highly saline-sodic water is expected to have 
significant, long term impacts on soil structural stability and properties, such as a reduction in 
hydraulic conductivity over time mainly due to the swelling and dispersion processes. By using 2 
column experiments, Ezlit (2009) found that reducing the pH of highly saline-sodic water did not 
enhance soil structural stability as the water has a naturally high sodium concentration. However, 
highly saline sodic water that had been diluted and amended with gypsum was found to have no 
negative impact on soil structure stability or infiltration. Ezlit (2009) concluded “different 
amendments associated with appropriate irrigation management can be applied to sustain 
irrigation and prevent long term salinity and sodicity problems.” 
Similarly, Cucci and Lacolla (2013) conducted a 4 year experiment on the effects of saline-
sodic water on clay soils in Italy. In their research, Cucci and Lacolla (2013) found that the low 
permeability clay soils showed high salt accumulation which led to salinisation and sodification 
over time. Furthermore, Johnston et al. (2013) found that irrigation with untreated CSG caused a 
low infiltration rate and treated CSG water only increased the infiltration slightly. From the results, 
they had concluded that to get a high infiltration rate, treated CSG water must be used in 
conjunction with amended soils. In a separate study, Gonçalves et al. (2006) irrigated medium-
textured Eutric Fluvisol soils with different water qualities (varying concentrations of Ca2+, Mg2+, 
Na+ and Cl-) and analysed and modelled water flow and solute transport. It was found that soils 
irrigated with water with an EC value of up to 1.6 dS/m did not lead to salinisation/alkalisation; 
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however, soils irrigated with water having an EC of 3.2 dS/m showed the most significant soil 
salinisation and alkalisation.  
Both Engle et al. (2011) and Carleton R. Bern et al. (2013) found that using treated CSG 
water for irrigation can alter the water flow dynamics in the soil. Furthermore, Ganjegunte et al. 
(2008) and Vance et al. (2008) found that CSG water directly applied to soil surface will damage 
agricultural land, as the increased SAR and decreased infiltration capacity at the surface of the soil 
indicates degradation of soil structure.  
However, it has been shown that a soil can tolerate high levels of sodicity when the soil 
salinity is above the threshold electrolyte concentration (TEC) (Quirk & Schofield, 1955). This 
finding is supported by Bennett and Raine (2012) who found that there are significant differences 
between soil  TEC curves, indicating that individual soils have different tolerances to saline-sodic 
water. Furthermore Bennett (2013) has found that considering the Australian guidelines for 
irrigation water quality (ANZECC, 2000), with careful management, marginal quality saline-sodic 
water can be used for irrigation sustainably (Bennett, 2013). Furthermore, Veil et al. (2004) had 
reported that with appropriate management, both treated and untreated CSG water can be used for 
irrigation. 
2.3.2 Soil composition and soil impacts 
Before delving into the soil impacts of irrigation with high sodium content water, it is 
important to understand soil itself. Soil is generally referred to as the material on earth’s crust that 
have been influenced by physical and biological processes.  Soil itself is made up by a number of 
constituents, mainly mineral, organic matter (OM), air and water; in which air and water fill in the 
voids between soil particles. OM forms from decaying plant and decomposition. Minerals are the 
major composition in soils and are usually derived from a parent material by weathering. Mineral 
particles are the basis of soil texture of sand, silt and clay. Clay minerals are the major composition 
of soil minerals, as they are small in size, but have a large surface area compared to sand and silt. 
Due to this reason, most chemical and physical processes within soils occur on the surface of clay 
particles, thus, clay particles are often most important in soil processes (Hendricks, 1985).  
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Smectite and kaolinite are one of the most abundant clay minerals in Australia. Clays with 
smectite are characterised by their ability to shrink and swell, are poorly crystallised, isomorphous 
and has large cation adsorption. Meanwhile kaolinite has larger particle size, are well crystallised, 
have little isomorphous substitution and have low cation adsorption (Maghami, 2012). Clay 
minerals adsorb bases such as calcium, sodium, potassium and magnesium, which has a negative 
charge. Cations (positive charge) in a soil solution are therefore attracted to the clay minerals and 
hold on to them (adsorb). These adsorbed cations are held firmly and retards movement caused by 
leaching, but loose enough to be replaced by another ion; a process called cation exchange 
(Hendricks, 1985).  To understand the impacts of irrigation with high sodium content waters (i.e. 
saline-sodic water), it is important to review the basic principles of reaction and responses in soil.  
The physical deterioration of soil due to sodium adsorption on soil particles (which include 
clay particles and minerals) or the accumulation of sodium, is often related to the behaviour of soil 
clay minerals. This is mainly related to the sodicity process, thus will be discussed in the section 
2.3.2.1. The accumulation of sodium is also largely linked to salinity, thus, it is important to 
understand the effects of sodicity and salinity and its processes. Sumner, Rengasamy, and Naidu 
(1998) have summarised the effects of salinity and sodicity on plant growth and soil structural 
stability. This is shown in Table 2-3. Salinity and sodicity have quite different effects on soil. While 
sodicity causes swelling and dispersion, salinity causes the soil to flocculate which can be 
beneficial to soil aeration, root penetration and root growth.  
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Table 2-3 Effects of salinity and sodicity on plant growth and soil structure stability as determined 
in 1:5 soil/water extractions (Cass, 1999) 
Salinity and Sodicity class Plant growth Soil structure 
Non-saline & non-sodic Unrestricted Stable 
Non-saline & sodic No direct effect on plant growth Structure deteriorates under 
irrigation or rainfall, becoming 
extreme under cultivation Non-saline & very sodic Indirect effect arise from poor soil structure 
Saline & non-sodic Some sensitive plants are affected, 
most crops not 
Structure deteriorates under 
cultivation. Crusting and hard-
setting occur. These adverse 
effects increase as the level of 
soil sodicity increases 
Saline & sodic Salt accumulation accelerates as 
sodicity increases Saline & very-sodic 
Very saline & non-sodic Major negative effects on most crop 
plants are seen 
Structure tends to be stable even 
under quite intensive cultivation 
Very saline & sodic Salt accumulation tends to 
accelerate as the level of sodicity 
increases 
Structural stability tends to 
reduce as the level of sodicity 
increases Very saline & vey sodic 
   
  2.3.2.1  Sodicity 
Sodicity occurs when there is an excess or high level of sodium ions in soils, which 
weakens the soil bond, making the soil more dispersible and erodible. Sodicity is often measured 
by SAR and exchangeable sodium percentage (ESP). Soil sodicity is typically measured using 
ESP, whereas the soil solution sodicity can be measured using SAR. Generally, soils are considered 
to be sodic when the ESP measures more than 6 (refer to Table 2-4). 
Table 2-4 Sodicity criteria according to Northcote and Skene (1972) 
ESP Description 
<6 Non-sodic 
6-14 Sodic 
>15 Strongly sodic 
 
Sodicity can often cause clay swelling and dispersion when the soils become wet 
(Hazelton & Murphy, 2007), which is the primary process responsible for the degradation of soil 
physical properties in the presence of sodium. It is important to understand the difference between 
swelling and dispersion and the process within soil. Sodium adsorption is largely related to the 
behaviour of clay minerals. Clay minerals often consist of silica-oxygen tetrahedral and 
aluminium-hydroxyl octahedral, and are generally plate shaped particles. They have a large surface 
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charge per unit mass, and are very chemically active. Due to isomorphic substitution, clays 
typically have a negative surface charge. Isomorphic substitution is the mechanism of charge 
generation in permanently charged minerals, in which a permanent charge in clay minerals results 
in a diffuse double layer between clay surface and solution surrounding the clay particle (Halliwell, 
Barlow, & Nash, 2001). This phenomenon is characterised by the clustering of ions with mainly 
the opposite charge to the surface, which neutralises the surface charge. Divalent ions are more 
strongly attracted to the surface than monovalent ions. The thicker the double layer, the greater the 
repulsive force between colloidal particles and it is much easier for the system to disperse (Sumner, 
1995).  Sodium is weakly held by the surface and is very good at increasing the thickness of the 
double layer, therefore promoting dispersion. The thickness of the double layer increase with the 
decrease of cation valence. Clay particles flocculate when the repulsive force in the double layer is 
less than the attractive force (Sumner, 1995), thus, a balance between the two forces determine the 
dispersion and flocculation of soils.  
Different to dispersion, swelling owes its process to clay aggregates. In the simplest form, 
clay aggregates consist of layers of platelets called tactoids. The diffuse double layer theory does 
not apply between the layers of platelets in a tactoid; however, it can be applied to the outer surface 
of the tactoid. In a high sodium environment, sodium increases the electrophoretic mobility of the 
tactoids due to the expansion of the double layer surrounding the tactoid (Halliwell et al., 2001). 
Sumner (1995) suggested that in ESP levels of up to 15-25, sodium adsorbs to the outer surface of 
the tactoid and swelling does not occur. However, when ESP levels reach 25 and higher, the 
platelets within the tactoid separates due to the double layer formation around the platelets, and 
swelling occurs and increases. Dispersion is thought to be the dominant sodicity process at low 
ESP levels, whereas swelling dominates at higher ESP levels (Halliwell et al., 2001).  
The effect of swelling and/or dispersion often results in a decreased permeability. In 
addition, soil sodicity limits leaching as the soil disperses and restricts water entry, causing salt to 
accumulate over time and causes high soil salinity. When soil dispersion occurs on the soil surface, 
it may lead to crusting and sealing which impacts on water infiltration. When dispersion occurs in 
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the subsoil, soil sodicity may cause gully and tunnel erosion (CRC, 1994; Queensland 
Government, 2014).  
The criteria given in Table 2-4 is especially useful for Australian soils; however, the 
criteria needs to be considered with other soil parameters, as soil sodicity will vary with clay 
content and clay mineralogy. Soils with higher clay content would have significant soil structure 
impact than lower ESP levels. According to the Salinity Management Handbook  (DERM, 2011), 
soils with 30-50% clay with mixed clays are most sensitive to ESP, and an ESP of 3 will be more 
accurate to be categorised as non-sodic for unprotected surface soils. Figure 2-5 shows two TEC 
curves for two soils with different clay content and clay mineralogy. In the area above the curve, 
soils become unstable as there is insufficient ionic strength from the soil solution to balance the 
dispersive forces of a sodium dominated cation exchange complex (Dale, 2015). In the region 
below the curve, the dispersive forces are balanced out by the ionic concentration of the soil 
solution, thus the soil remains stable. From Figure 2-5, it can be seen that TEC curves for specific 
soils will vary. The example given by the Salinity Management Handbook in Figure 2-5 shows 
that soils with higher clay content and CEC to clay ratio (CCR) (soil A) are more prone to being 
unstable when exposed to water with a high SAR and EC.  CCR is used in place of the X-ray 
diffraction measurement of clay mineralogy and used as a simple index of clay mineralogy based 
on the relationship between CEC and clay content and clay activity  
 
 
Figure 2-5  Threshold electrolyte curves for two soils of different clay content and mineralogy. Source: Salinity Management Handbook (DERM, 2011). Licensed from the Commonwealth of Australia under a CC BY 3.0 AU licence https://creativecommons.org/licenses/by/3.0/au/  
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  2.3.2.2  Salinity 
Salinity is caused by the presence of soluble salts in the soil, which can be in the form of 
sodium, calcium, magnesium, sulphate or bicarbonate. The process of salinisation of soils can be 
caused by a number of activities, however it is mainly categorised into primary and secondary 
salinity. Primary salinity is caused by natural processes, whereas secondary salinity is resulted from 
anthropogenic activities such as irrigation (DERM, 2011).  The increase of salinity in soils from 
the use of poor quality irrigation water occurs when there is insufficient leaching to remove the 
salts, and salt accumulation occurs. This type of salinisation is stored within the root zone, which 
is mainly in the A horizon of the soil profile. Salinity is closely related to sodicity, mainly regarding 
leaching. When rainfall or irrigation water is not sufficient to leach salts throughout the soil profile, 
they accumulate in deep subsoils, making it sodic, but the upper layer non-saline. However, with 
time, the subsoils will also start accumulating salts due to restricted hydraulic movement, making 
the soil both saline and sodic (Rengasamy, 2010). This holds true especially for sodium dominated 
irrigation waters. (Rengasamy;, 2010) 
 In permeable soils, salt accumulation can be managed by increasing the levels of water 
application; however, in low permeability soil, leaching is mainly controlled by a range of soil 
properties such as clay mineralogy and particle size, and for clay dominant soils, it is determined 
by the salinity and sodicity of the irrigation water.  
Soil salinity is measured by the electrical conductivity (EC) or measurement of total 
dissolved solids (TDS). Crops and plants have a direct link to soil salinity; typically, the higher the 
EC, the lower the crop or plant yield. This can be seen in Figure 2-6. Different crops have different 
salinity thresholds. The different salinity threshold for Australian plants and crops can be found in 
ANZECC (2000). 
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Figure 2-6 Relative crop yield in relation to soil salinity for plant-tolerance groupings of Maas and 
Hoffman (1977). Source: ANZECC (2000) 
 
The water used for irrigation enters the soil and moves into the plant roots by osmosis, 
which is controlled by the levels of salt in the soil water in addition to the water in the plant. This 
is why it is important to measure and control the salinity of irrigation water.  
  2.3.2.3  Hydraulic conductivity 
Hydraulic conductivity is the flow of water through soil. In soils with large macropores, 
cracks and fissures, the flow of water through soil is relatively rapid. The hydraulic conductivity 
or permeability of soils is largely dependent on soil structure, the clay minerals and clay content of 
the soil. High sodium concentrations cause soil to disperse and/or swell. Sodium-induced 
dispersion causes the deterioration of soil structure; thus, reduced hydraulic conductivity. When 
flow of water in soils is restricted (low hydraulic conductivity) soil may become waterlogged. This 
can result in restricted water infiltration, leading to less available water for plant uptake, reducing 
crop yield and also promote runoff and soil erosion (Warrence, Bauder, & Pearson, 2002). 
2.3.3 Determining the suitability of irrigation water 
In order to determine the suitability of irrigation water, it is important to measure the 
average root zone salinity and leaching fraction. Average root zone salinity is when the salinity for 
the root zone depth is averaged and provides a measure of soil salinity conditions for estimating 
plant response. It is calculated from the soil “salinity data by summing the salinity measurements 
Soil root zone ECse (dS/m) 
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for a series of root zone depth increments and dividing by the number of increments” (DERM, 
2011). Leaching fraction is the portion of water that is required to drain through the root zone to 
sustain soil salinity at satisfactory concentrations. Leaching fraction is often converted to root zone 
salinity to relate plant salt tolerance for irrigation application. By measuring these parameters, the 
general level of crop tolerance to the irrigation water salinity can be determined, along with the 
relative salt tolerance and crop yield (ANZECC, 2000). 
 
Figure 2-7 Relationship between SAR and EC of irrigation water. Source: ANZECC (2000) 
 
In addition, ANZECC (2000) had determined the relationship between the SAR and EC 
of irrigation water for the prediction of soil structural stability (Figure 2-7). However, Bennett and 
Raine (2012) had disputed that this threshold electrolyte concentration (TEC) curve is not 
appropriate for all soils. A study by de Menezes et al. (2014), had compared the different TEC 
curves for clay and sandy soils and found that soils behave differently to increasing irrigation water 
SAR at the same EC level. There are few publications on TEC relationships, Bennett and Raine 
(2012) had studied TEC relationships for a range of soils from southern Queensland and 
investigated the role of clay content, mineralogy and OM in determining the relationship. Bennett 
and Raine (2012) found that there are significant differences between soil TEC curves, and that 
TEC curves within the same order may not be similar. In their study, it was concluded that there is 
a need to reconsider the use of current guidelines for irrigation management. 
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 SODIUM ADSORPTION ONTO SOILS 
When soil is irrigated with sodic water, an exchange process occurs and the sodium is 
adsorbed onto soils by soil particles (mainly clay minerals). This process has been briefly discussed 
in section 2.4. Adsorption is one of the most important physical-chemical processes responsible 
for the retention of inorganic and OM onto soil. Adsorption is a surface process that refers to the 
accumulation of a dissolved substance at the interface between solid and solution phase (Essington, 
2004; U.S. EPA, 1999). All adsorption processes are also exchange processes, and occur at specific 
locations at the solid-solution interface. The aim of using an adsorption isotherm study is to achieve 
compound-specific adsorption parameters (such as distribution coefficient) that quantitatively 
describe adsorption in a specific environment (Essington, 2004). Section 2.4 described that ions 
(i.e. sodium) are adsorbed onto soil particles such as clays, from here onwards, the use of 
“adsorption onto soils” will be used. 
2.4.1 Understanding sodium adsorption and the use of Isotherms 
There are two general approaches to quantitatively measure adsorption, non-mechanistic 
and mechanistic. Non-mechanistic techniques use the mass distribution of a substance between the 
solid and solution phase at equilibrium; a solution with known quantities of the substance 
(adsorbate) is equilibrated with a soil (adsorbent). Adsorption isotherm is an example of non-
mechanistic technique. Mechanistic techniques are similar to non-mechanistic techniques; 
however, the amount of substance adsorbed by the solid is determined as a function of solution 
property other than the substances concentration i.e. describing adsorption as a function of solution 
pH (Essington, 2004). The use of adsorption isotherm to quantitatively describe sodium adsorption 
will be further discussed in the following section. 
2.4.2 Adsorption Isotherm 
Adsorption isotherm is a graph of the amount of solute adsorbed by an adsorbent (mmol/kg 
or mg/kg) designated by q, plotted against the equilibrium solution concentration designated by 
Ceq (concentration of the free solute in mmol/L or mg/L) at constant temperature (Essington, 2004). 
This plot is shown in Figure 2-8 and Figure 2-9. Relating this to sodium adsorption onto soils, the 
isotherm shows the concentration of adsorbed sodium versus the sodium concentration of the 
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irrigation water at equilibrium. A distribution coefficient (Kd) is then calculated to show the ratio 
of the two. A distribution coefficient is the ratio of solid phase concentration to solution phase 
concentration, and can be seen in equation (1). As the coefficient increases, the adsorption increases 
(Sparks, 2003). 
  𝐾𝑑 =
𝑞
𝐶𝑒𝑞
      (1)  
 There are 4 types of isotherm curves that are usually observed in environmental sciences, 
the L-curve, H- curve, S- curve and C- curve, as shown in Figure 2-8. Isotherm shapes are mostly 
determined by the adsorption mechanism; hence, it can be used to explain the nature of adsorption. 
The L-curve isotherm is characterised by a slope that is greatest at low surface coverage, and 
decreases at higher surface coverage. This indicates that the loading of the contaminant (here 
sodium) on the adsorbate starts to decrease the adsorption slope as the site becomes saturated. The 
L-curve isotherm is the most common type of isotherm encountered in soil chemistry (Essington, 
2004).  
 
Figure 2-8 Common isotherm types observed in Environmental sciences 
 
 The S-curve (Figure 2-8) is characterised by a small slope at low surface coverage, which 
then increases with adsorbate concentration and at some point the site becomes laden with the 
contaminant and the slope begins to decrease again. The H-curve (Figure 2-8) is an extreme version 
of the L-curve, and occurs when an adsorbate has a very high affinity for the soil surface. The C-
curve (Figure 2-8) has a constant slope, and is characterised by a slope that is independent of the 
surface coverage until a maximum adsorption is reached (Essington, 2004; U.S. EPA, 1999). The 
solid surfaces in soils act as adsorbers and the larger the specific surface, the more adsorption. 
Thus, clay content and mineralogy are linked to adsorption capacity (Appelo & Postma, 1996). 
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Non-linear equations often describe experimental data better than linear because data that 
are fitted to some linearized form has been shown to present a biased result (Appelo & Postma, 
1996). The shape of adsorption isotherm is normally convex, indicating that adsorption becomes 
less at higher concentrations in solutions.  The shape can be convex, linear or concave as shown in 
Figure 2-9. Concave isotherms are often favourable as they have greater slopes at lower 
equilibrium concentrations, and convex is the inverse of this. The rate of transport for a reactive 
solute is inversely proportional to the retardation factor and partition coefficient; thus a reactive 
solute will be transported faster at a higher concentration for concave isotherms (Shackelford, 
1993). With this said, linear isotherms are usually common at low concentrations. 
 
Figure 2-9 Isotherm illustrating the convex curve (Freundlich and Langmuir), which is a favourable 
exchange and linear adsorption which represents linear exchange. Adopted from Appelo and Postma (1996) 
  2.4.2.1 Common Isotherm equations 
In environmental science, there are 3 common adsorption isotherms: linear, Freundlich 
and Langmuir.  Linear isotherm or linear equation is the simplest form of isotherm, as it shows the 
linear relationship between q and Ceq. Linear adsorption theorem is derived from Henry’s law (2) 
in which it can be seen that the amount of adsorbed concentration in a solid (s or q) is calculated 
from the amount of concentration in the solution (Ceq) and the distribution coefficient (Kd).  
s = Kd ∙ Ceq       (2) 
A linear function is the most widely used isotherm equation, as it is simple and 
conventionally expresses the distribution coefficient (Goldberg, 2005). However, adsorption 
isotherms on soils can deviate from the linear relationship which is required by the Kd. Therefore 
non-linear isotherm models and equations are used to describe cases in which sorption relationship 
deviate from linearity.  
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The Langmuir equation or Langmuir isotherm is characterised by the L-curve (Figure 2-
8). The Langmuir equation was originally derived to describe the adsorption of gas molecules onto 
homogeneous solid surfaces (Langmuir, 1918); however, it has since been used to describe the 
adsorption of molecules onto soils, (Essington, 2004; Goldberg, 2005; U.S. EPA, 1999). The 
Langmuir isotherm is described by equation (3), in which, the qmax and KL are adjustable 
parameters, with qmax defined as the maximum adsorption. KL (L/kg) is the Langmuir coefficient 
related to the bonding energy of the surface and is a measure of the adsorption intensity. 
     𝑞 = 𝑞𝑚𝑎𝑥𝐾𝐿𝐶𝑒𝑞
(1+𝐾𝐿𝐶𝑒𝑞)
     (3) 
The next most commonly equation modelled in an isotherm is the Freundlich equation (4), 
in which Kf  is the Freundlich adsorption coefficient and n is a heterogeneity constant (the smaller 
the n, the larger the expected heterogeneity (Kinniburgh, 1986). The Freundlich equation (4) 
assumes that the sorption energy decreases exponentially with increasing surface coverage. Unlike 
Langmuir, the Freundlich equation does not show finite adsorption. Langmuir isotherm has a 
maximum concentration because it considers adsorption and desorption as two kinetic processes 
which cancels out at equilibrium. 
q = Kf ∙ Cn       (4) 
The three isotherms described here assume a monolayer adsorption. When the 
concentration of ion solution (adsorbate) increases and the amount of ion adsorbed increases, the 
isotherm will ultimately reach a maximum (monolayer capacity). When there is adsorption beyond 
this point, a multilayer or multisite adsorption is interpreted to be occurring (Essington, 2004).  
  2.4.2.2 Multilayer adsorption using an extension of the Langmuir 
equation 
 Adsorption isotherm equations describing a multilayer adsorption are less common 
compared to the three equations previously described. Though less common, it is still widely used 
to describe adsorption isotherm. Aranovich and Donohue (1995) mentioned that the validity of 
conclusions made by isotherms are limited to the accuracy of the model used and this problem is 
most serious in multilayer adsorptions. This is because the simplest form is a monolayer, in which 
adsorbate-adsorbate interaction is neglected. This is the basis of the Langmuir isotherm.  
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A multi-layer can occur when adsorbate-adsorbate interaction is strong. The first 
multilayer model is the Brauner, Emmet and Teller (BET) model, which is a theoretical model 
extended from the Langmuir equation. As Langmuir is the most commonly used non-linear 
equation to describe adsorption isotherm, many researchers have extended this equation to describe 
a multilayer adsorption isotherm. Aranovich and Donohue improved the BET model and stated 
that “the development of the multilayer adsorption models had eliminated some deficiencies in the 
monolayer models and enlarged the range of agreement between experimental and 
theoretical”(Aranovich & Donohue, 1995). 
Aranovich and Donohue (1995) had researched new approaches for the analysis of 
multilayer adsorption. In their findings, they had found a general expression that fits best within 
the Langmuir isotherm equation in order to explain a multilayer adsorption. This expression is 
based on the type 2 isotherm classification (in the International Union of Pure & Applied 
Chemistry (IUPAC) scheme). This type is similar to the S-curve in Figure 2-8; however, this 
isotherm has an apparent divergence at q to infinity as Ce increases (Figure 2-10). This isotherm 
shows a monolayer formation at the flat region, and indicates multilayer formation after the flat 
region. The mathematical function for this type of isotherm has a singularity, and Aranovich and 
Donohue (1995) proposed an equation**  to describe the singularity, which is given at equation (5). 
 
Figure 2-10 Type II isotherm from the IUPAC classification scheme   
𝑎(𝑝) = 𝑓(𝑝)
(1− 𝑝
𝑝𝑠
)𝑛
    (5) 
 
                                                          
 
** In Aranovich and Donohue’s (1995) paper, this equation is named equation [6] 
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1/(1-p/ps)d describes the singularity, while a(p) is the same as q, and f(p) can be any 
isotherm model that takes into account the energetic heterogeneity of adsorbent or adsorbate. 
Aranovich and Donohue (1995) then found that substituting the Langmuir isotherm equation as 
f(p) works well for many systems. The combination of the Aranovich and Donohue (1995) and 
Langmuir equation is given as:  
𝑞 =
(𝑞𝑚𝑎𝑥𝐾𝐿𝐶𝑒𝑞)
(1+𝐾𝐿𝐶𝑒𝑞)(1−
𝐶𝑒𝑞
𝐶𝑜
)𝑛
      (6) 
The general expression (eq. 5) for multilayer adsorption by Aranovich and Donohue 
(1995) is based on the Ono-Kondo equation; a lattice model of adsorption that relates to the density 
of each molecular layer to the density of the bulk adsorbate. Though the Ono-Kondo equation is a 
theoretical model, the value of d  in the AD equation is experimentally derived, thus, as stated by 
Aranovich and Donohue, this equation enlarges the range of agreement between experimental and 
theoretical (Aranovich & Donohue, 1995). There are numerous extensions of the Langmuir 
equation, thus for the sake of brevity only one example is shown here. This particular extension is 
shown here as the Aranovich and Donohue equation fits best with the Langmuir isotherm in order 
to describe a multilayer adsorption.  
Adsorption of ions onto soils is a complex process, and varies among the ions and surfaces 
that dominate the system. According to Essington (2004), the ability to describe multilayer or 
multisite adsorption is not, in and of itself evidence that compound adsorption occurs at multiple 
sites or in multiple layers at the soil surface. The governing rule of adsorption isotherms is that 
“adsorption isotherms are non-mechanistic (macroscopic) mass distribution characterisation and 
adsorption isotherm equations are empirical” and used explicitly to describe solute adsorption by 
soil (Essington, 2004). Adsorption isotherms cannot be used to infer any particular adsorption 
mechanism as these mechanisms are microscopic characteristic.   
2.4.3    Adsorption and breakthrough curves 
Another method to describe and measure adsorption is through breakthrough curves. 
Unlike adsorption isotherms that use batch testing, this method uses a fixed bed or column (flow-
through) method to establish a “breakthrough” curve.  Column experiments have an advantage 
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over batch method as column experiments have efficient utilisation of sorbents for sorption 
capacity. In column adsorption experiments, the sorbent is continuously leached by the fresh feed 
solution of initial solute concentration, thus the concentration of the solution that comes in contact 
with a layer of sorbent in a column remains constant. This method gives a maximum loading of 
the sorbent at constant solute concentration. This can be explained by a breakthrough curve 
(Shodhganga, 2015). A breakthrough curve is a plot that shows column effluent concentration 
versus time (volume can also be used).   
The breakthrough curve is based on the theory that when feed water comes in contact with 
sorbent, the first few layers of the sorbent quickly sorb the solute. These first few layers are in 
contact with the feed solution at its highest concentration (initial concentration, Co). The solute that 
was not sorbed by the first few layers of the sorbent are then sorbed by regions of fresher sorbent 
in the column, which is in the primary sorption zone (refer to Figure 2-11, б). The primary sorption 
zone (б) is concentrated at the top of the column (or where the column first comes in contact with 
the feed solution), and thus as the top layer of the sorbent becomes saturated with the feed solution, 
it becomes less effective at sorption and the sorption zone moves downwards as illustrated in 
Figure 2-11. As it moves downward, more solute escapes in the effluent, and thus over time the 
concentration of the effluent will be closer to the original concentration of the feed solution  
(Shodhganga, 2015). This curve can be seen in Figure 2-11. Breakthrough curves often have an 
‘S’ shape; however, it varies considerably for different situations. If all of the sorbent sites are 
occupied, it is expected that the effluent concentration and feed solution concentration will become 
the same.  
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Figure 2-11 Example of a breakthrough curve showing the breakthrough concentration and 
exhaustion capacity  
 
 SUMMARY AND GAPS IN RESEARCH 
A large amount of research published regarding the effects of CSG water onto land 
application and/or use as irrigation water has been conducted in the USA (refer to sections 2.2.3 
and 2.3). This may be due to major CSG companies in Australia, having only recently received 
permission to irrigate land with treated CSG water (Davies et al., 2015), in which most is conducted 
in Queensland, as Queensland  has the biggest CSG water production in Australia. In the literature 
review, it was also found that the effects of CSG water and/or SS water vary between soils 
(Bennett, 2013; Bennett & Raine, 2012; Cucci & Lacolla, 2013). It is evident that with major CSG 
exploration in Queensland, there is a need to study site specific soils and their effects from irrigation 
with both treated and untreated CSG water.   
Beneficial uses of CSG water have met with success, especially in the agriculture industry 
for irrigation and livestock watering. However, as CSG water is typically saline-sodic, the 
application onto land will need to be appropriately managed. Before the application of the water 
onto land, the CSG water is typically treated to comply with standard water quality guidelines; 
however, since the chemical properties of CSG water varies, some CSG water may not need to be 
treated to the level it is currently. This will depend on whether the irrigation regime is controlled 
and the receiving soil has tolerance to the waters high SAR The saline-sodic nature of CSG water 
may cause soil to become sodic and saline; and this may lead to clay dispersion, erosion of the soil 
Co: Initial concentration of feed 
solution 
C1: Sorbent when it firstly comes 
in contact with feed solution 
C2: As the sorbent becomes more 
saturated, the primary sorption 
zone moves downwards  
Ce:  The exhaustion point in which 
the concentration of the effluent 
is close to Co and the sorbent is 
unable to sorb the feed solution 
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and decreases in hydraulic conductivity. When these occur, it can then lead to a decrease in crop 
yield, as very few plants and crops can tolerate high sodicity and salinity soils. The sodium content 
in CSG water is responsible for most of the salinity and sodicity of the water. In order to 
quantitatively measure the sodium adsorption onto soils, adsorption isotherms are often used, as 
they measure the ion-specific adsorption parameters and describe adsorption in a specific 
environment. A partition coefficient (a constant related to the energy of adsorption,) determined 
from this adsorption isotherm is often used to describe the adsorption of the ion onto soils.  
This literature review has found that there is a need to conduct studies on the effect of CSG 
water onto Queensland soils, as Queensland is the major producer of CSG water, and some of this 
water is used for irrigation. This is to gain an understanding of the role of sodium from CSG water 
on agricultural soils and the part it plays on soil structure degradation and crop production. 
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3Chapter 3:  Research design 
This chapter discusses the methodology that was adopted to achieve the aims and 
objectives outlined in Chapter 1. This chapter is divided into 5 sections; i) methodology, ii) study 
area and participants, iii) equipment used, iv) procedures and timeline and v) limitations.  The 
methodology section will describe the approaches taken in order to achieve the objectives. This is 
followed by the study area, which will describe the area in which the samples used in this project 
were retrieved. The equipment used in this research is outlined and described in the following 
section. The fourth section outlines the procedures used and the timeline taken for each procedure. 
The chapter concludes with a discussion on how the data was analysed and the limitations that 
occurred.     
 METHODS  
The methods used to achieve the research aim and objectives involved a combination of 
quantitative, qualitative and statistical analysis. The methods were developed through the extensive 
literature review process and are linked explicitly to the research question and objectives. The 
methods used are described in the following sections.  
3.1.1 Literature review 
The first step in the research was to conduct a literature review regarding the history of 
CSG production in Australia and the management of the water from its production. A critical 
analysis of the relevant literature was necessary in order to identify gaps in the literature regarding 
the CSG water and its management, in particular the impact on Australian soil. From the literature 
review it was found that there is a lack of study conducted on the effects of CSG water on 
Queensland soils. It was evident that with major CSG exploration in Queensland, there is a need 
to study site specific soils and their effects from irrigation with both treated and untreated CSG 
water.  
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3.1.2 Quantitative Analysis 
The quantitative analysis forms a major part of this research as the focus of this study relies 
heavily on the collection and analysis of soils as well as leaching the soils with CSG surrogate 
water. The soils were analysed for physicochemical properties as well as their response to leaching 
with saline-sodic (SS) water (CSG water surrogate). The analysis of soils includes soil texture and 
colour, pH, sodicity, salinity, cation exchange capacity (CEC), bulk density, mineralogy, porosity, 
OM and soil permeability. Further analysis consists of developing sodium adsorption isotherms 
and leaching fractions using the results determined from the irrigation of soils with sodic SS water. 
Procedures are outlined and described in Section 3.4. 
3.1.3    Qualitative Analysis 
The qualitative analysis used in this research mainly consists of a soil survey completed 
on site when collecting soil samples. Though this method does not form a large aspect in this study, 
it is still significant as soil surveying can be used to determine the type of soil collected, and the 
horizons present within the soil through field soil descriptions. Field descriptions of soils are 
important as they describe in-situ properties of the soil such as texture and pH that may differ from 
laboratory results. The location and surface elevation was also observed. This was completed onsite 
using soil log sheets, which can be seen in Appendix 1. This method was completed with the aid 
of the  Australian soil and land survey field handbook (The National Committee on Soil Terrain, 
2009). 
3.1.4 Statistical Analysis  
The statistical analysis consists of summarising and analysing the numerical data obtained 
from the quantitative methodology. Statistical methods were used to determine the relationship 
between the soil and irrigation water, particularly sodium adsorption onto soils and the 
permeability of the soil. A regression analysis on the adsorption isotherms was determined to see 
if there is a relationship between the concentration of sodium in the SS water and concentration of 
exchangeable sodium in the soil while it is being irrigated. Statistical analysis was also used in 
determining the permeability of the soil, by collecting data of leachate collected from soil over 
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time. This numerical data was summarized and plotted to determine the hydraulic conductivity for 
each soil. The software used to accomplish this was Microsoft Excel 2010.  
 STUDY AREA  
The soils used in this project were collected from East Theten farm, Dalby, in South-East 
Queensland (Figure 3-1 and Figure 3-2). This property is owned by Arrow Energy and is located 
west of Dalby and 28 km west of Dalby-Kogan Road. Theten farm is part of the farming region in 
Queensland called the Darling Downs. According to the Darling Downs soil map of 1952, the soil 
found in the area are mostly Vertosols, in which the most common soils found within this group 
are “heavy black and dark grey clays in lower areas, with islands of brown loams, grey sandy 
loams and areas of degraded Chernozems with a bleached surface.” Geologically, the area has a 
shallow groundwater system (Condamine alluvium) and consists of sandy alluvium from the 
Condamine River, which was deposited during the Pleistocene to Holocene epoch in the tertiary 
period during Cainozoic era ("Dalby, QLD Geological Map," 1972). 
 
Figure 3-1 Location of East Theten in relation to Dalby. Adapted from Google Maps (2016) 
Parts of Theten farm has already been irrigated with treated CSG water; however, the soils 
retrieved and used in this project were collected from parts of the farm that had not yet been 
irrigated (see Figure 3-2). The specific coordinates and location of soils retrieved can be seen in 
Appendix 1. According to a report completed on behalf of Arrow Energy (FSA Consulting, 2010), 
there are 3 soil groups in East Theten, and thus 3 major locations within East Theten were chosen 
as the soil site collection; this can be seen in Figure 3-2. The dominant soils found according to the 
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FSA report are black (soil 1) and grey Vertosol (soil 2), and deep brown or yellow Chromosol (soil 
3).  
 
Figure 3-2  East Theten soil map, showing the three areas (1-3) of proposed sample collections (not 
to scale). Source:  Arrow Energy Pty Ltd and Geoscience Australia (2012). Used under CC BY 2.5 AU licence https://creativecommons.org/licenses/by/2.5/au/  
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 INSTRUMENTS 
In this study numerous equipment and scientific instruments were used. During the soil 
collection, a drill rig (Geoprobe) with a custom-made steel pipe (see Figure 3-4) was used to 
retrieve the soil columns.  A list and description of the instruments used in the laboratory is listed 
in Table 3-1. Testing using instruments such as ICP OES and ion chromatography were completed 
with the support of the technical staff of the laboratory.  
Table 3-1 Equipment used and brief description of use 
Instrument Description of use 
Oven: Drying soils 
End-over-end shaker: Shake dried and crushed soil samples for an end-over-
end extraction 
TPS pH/Conductivity meter: 
 
Measure pH and electrical conductivity (EC) of water 
and soil solution 
Inductively coupled plasma optical 
emission spectrometry (ICP OES): 
Measure the exchangeable cations of soils and water 
Ion Chromatography: Measure the soluble Chloride of soils 
Malvern Mastersizer 3000 particle 
size analyser: 
Measure soils particle size distribution (PSD) by using 
laser diffraction 
Triaxial cell: 
 
Measure the hydraulic conductivity of soils and used to 
irrigate soil columns for the flow-through soil 
irrigation experiment 
X-ray diffractometers: Determine the clay mineralogy of soils via x-ray 
diffraction (XRD) analysis  
 
 PROCEDURE AND TIMELINE 
This section outlines the procedure and timeline used in this study. The procedure is 
outlined in the following sections and describes where the instruments listed in section 3.3 were 
used and how they were used.  
3.4.1 Desktop study of study area (May 2014) 
Before commencing fieldwork, a desktop study was conducted to collect information on 
the study area, East Theten, and to primarily identify the types of soil present at East Theten. Once 
this was completed, a rough location of where the soil columns should be collected was determined 
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(see Figure 3-2). The locations were chosen in areas where irrigation did not occur in order to 
retrieve control soil samples to determine baseline characteristics.  
3.4.2 Field activities (May 2014) 
In order to collect soil samples, field work was conducted at East Theten. Over four days, 
36 soil columns were collected and soil logs were completed for each column. The soil columns 
collected varied in length and diameter. Some soils collected were 50mm, while the majority of 
soils collected were 100mm in diameter.  
 
Figure 3-3 Locations of soil sample collection. Source: Google Earth (2014) 
 
 These soil samples were collected by pushing a custom-made steel pipe (Figure 3-4) 
into the soil with a drill rig (Geoprobe) which can be seen in Figure 3-5. The pipe was lined with 
a heat-shrink plastic tube which allowed the collection of undisturbed soil columns. Once all soil 
samples were collected, the liner wrapping each soil column was heat-shrinked in order to wrap 
the soil column tightly; ensuring that the soil inside did not move around and was sealed from 
atmosphere to preserve integrity of the sample. These soil samples were then stored in a PVC 
pipe with lids to adequately preserve samples for transport and storage. On site, before heat 
shrinking, each soil sample drill location was recorded, and visual physical characteristics and 
circumstances of collection of the soil were logged on a data sheet.  
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Figure 3-4 Steel pipe used in retreiving the soil samples 
 
 
Figure 3-5 Drill rig used to collect soil samples 
3.4.3 Soil identification and determining baseline characteristics (July 
2014-June 2015) 
Once all the samples had been collected and returned to the laboratory, three soil columns 
were opened (one from each soil group) and taken out of the liner to determine the colour, soil 
texture and horizons present. This was done to determine and confirm the soil types present on site, 
according to the classification from The Australian Soil Classification (Isbell, 2002). Although 36 
soil columns were collected, only 8 soil columns were used in this study (for soil log sheets refer 
to Appendix 1), as the majority of soil columns collected belonged to another research project. 
After determining the soil type and description, some of the soil samples (from A horizon) 
were dried and crushed with a ring mill for soil analysis and batch tests. Firstly, the physico-
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chemical and hydraulic properties of the soils were tested according to analytical methods shown 
in Table 3-2. Table 3-2 describes the analytical methods and includes equipment used such as the 
ICP-OES, ion chromatography and x-ray diffractometer. In order to determine particle size 
distribution (PSD), the soil sample was measured with the Malvern Mastersizer 3000, as it can 
measure a broad range of sizes from 10µm to 3.5mm and  enables determination of clay, silt and 
sand fractions to classify soil texture (Malvern, 2014; MicronScientific, 2011). This method uses 
a wet dispersion method, in which dried soil samples are placed in a shaker to loosen up the soil 
aggregates (not crushed). The loosened soils were then dispersed in water. The dispersed soil 
samples were then mixed at a stable pace automatically using an automated mixer to ensure 
uniform samples. The sample was the pipetted out and placed in a wet dispersion unit. The Malvern 
software then produces the PSD which is based on volume distribution. However, since the results 
were unexpected compared to previous study of soils from the same site, the standard hydrometer 
method, ASTM E100 (completed by ALS) was ultimately used. The PSD results were also used 
to estimate the hydraulic conductivity using the Allen Hazen formula (7), in which K is typically 
measured in m/s, C is the Allen Hazen coefficient and D10 is the 10th percentile of the percent 
passing. The triaxial test for measuring hydraulic conductivity (Head, 1986; Purdy & Peters, 2004) 
was conducted with undisturbed soil samples on all three soil types and is further detailed in section 
3.4.6. 
𝐾 = 𝐶(𝐷10)2      (7) 
The experimental side of the study took longer than expected due to the determination of 
the PSD. As the standard method for PSD is by the hydrometer method, the soil samples were sent 
to an external lab (ALS) as no instrument was available for this method at QUT. When soil samples 
were sent to the external lab, additional testing was done, including soil particle density (used to 
calculate porosity) and OM. In addition, the triaxial cell was only available after October 2014, and 
as only one instrument was available, the hydraulic conductivity of each soil was done one at a 
time.  
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Table 3-2 Analytical methods used in soil analysis 
Parameter Analytical Method Timeline 
Chemical parameters 
Moisture content (%) 2A1. Air-dry moisture content and Percentage of oven dry moisture content (105oC) June 2014 
pH (soil) 4A1. pH   of 1:5 soil/suspension at 24-25oC 
July –August  
2014 
EC (dS/m) (soil) 3A1. EC of 1:5 soil/suspension at 24-25oC 
Soluble Chloride (mg/L) EPA 300.1 Determination of inorganic anions by ion chromatography 
Exchangeable cations (Na, 
K, Ca, Mg) (mg/L) (soil 
before leaching) 
15A2. Exchangeable bases by 1M ammonium 
chloride at pH 7.0, pre-treatment for soluble salts 
(ICP OES method) 
CEC (meq/100g) (soil) Calculated from Exchangeable cations 
SAR  
By calculation: 
𝑆𝐴𝑅 =
[𝑁𝑎+]
√[𝐶𝑎
2+] + [𝑀𝑔2+]
2
 
[Na], [Ca], and [Mg] in meq/l 
ESP (%) (soil) 
By calculation: 
ESP= Exchangeable ((Na)/ (Ca + Mg + K + Na)) x 
100 
Soil mineralogy (Clay type) Clay mineralogy determined via XRD November-December 2014  
Total Organic Carbon AS 1289.4.1.1-1997 Determination of organic 
matter content of soil June 2015 Organic matter 
Physical parameters 
Particle size analysis (soil) Laser diffraction method using the Malvern 
Mastersizer 3000 and AS 1289 3.6.3 
Determination of PSD of soil –standard method 
(Hydrometer) 
August 2014 
Soil particle density (g/cm3) 
June 2015 Soil bulk density (g/cm3) Volumetric method  
Porosity Calculated from bulk density and soil particle density. 
Hydraulic conductivity  
(K, m/d) 
(before & after leaching) 
Combination of methods which include: 
x Triaxial Cell method  
x From calculation using PSD 
November 2014-
January 2015 
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3.4.4 CSG water surrogate (August 2014) 
In this study, a synthetic solution was used instead of actual CSG water. As the major 
component and ion of interest in this study is sodium, this synthetic solution was made of 
laboratory grade sodium chloride mixed with deionised water. To mimic treated and untreated 
CSG water, a variety of saline-sodic solution concentrations were made. The highest synthetic 
CSG solution concentration made had a sodium concentration of 1M (used in the first batch test), 
and the synthetic solution used for the flow-through column experiment had a sodium 
concentration of 0.1M (SAR ~101) which was made to mimic the salinity and sodicity of untreated 
CSG water. This was chosen as a study conducted on CSG water in an area close to Dalby 
(Windbirri, Chinchilla), was found to have a SAR of >100 (Ezlit, 2009). 
For the batch tests, a variety of synthetic solutions were made ranging from 0.0006M to 
1M. The individual concentrations used will be described in section 3.4.5. The amount of sodium 
chloride and water used to achieve the known concentration (e.g. 1M) was determined beforehand 
with chemical calculations. The sodium solution for the column test was made separately as only 
one concentration was made, and the amount made was much larger. The synthetic solutions were 
stored in glass jars, in a laboratory refrigerator when not in use.  
3.4.5 Batch test (August 2014 & February 2015) 
Two batch tests were conducted in this study. The batch test was conducted using the 
constant mass bottle-point method. This is when a solution with a variety of known concentrations 
is used to leach soil with constant mass for each bottle/per batch test. The 1st batch test was 
completed with 11 different concentrations of synthetic solution ranging from 0.0006M to 1M (see 
Table 3-3). The batch test was completed one at a time. Since there were 3 soil groups and 11 
different concentrations of synthetic solution, the first batch test was completed 3 times in total, 
and each batch test had a slightly different measured Na concentration in its synthetic solution 
(refer to Table 3-4). This is because a new solution was made each time for the 3 batch tests.  
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Table 3-3 Materials used to make the synthetic solution 
Molarity of solution NaCl used (g) Volume of water used (L) 
1 58.44 1 
0.75 43.83 1 
0.5 29.22 1 
0.25 14.61 1 
0.1 5.844 1 
0.05 2.922 1 
0.01 0.5844 1 
0.005 0.2922 1 
0.0025 0.1461 1 
0.00125 0.07305 1 
0.0006 0.035064 1 
Table 3-4 Sodium concentrations of the SS solution (1st batch test) 
Molarity 
(moles/L) 
Na concentration (ppm) Ca concentration (ppm) Mg concentration (ppm) K concentration (ppm) 
MT1B3 MT2B2 MT3B1 MT1B3 MT2B2 MT3B1 MT1B3 MT2B2 MT3B1 MT1B3 MT2B2 MT3B1 
0.0006 14.6 14.6 15.88 0.13 0.03 0.13 BDL* BDL BDL 0.02 0.02 0.02 
0.00125 27.8 29.1 29.86 0.12 0.02 0.13 | | | 0.25 0.04 0.04 
0.0025 50 54.8 50.82 0.14 0.02 0.13 | | | 0.25 0.02 0.04 
0.005 116 112 115.4 0.11 0.04 0.08 | | | 0.02 0.02 0.04 
0.01 226 215 221.4 0.12 0.12 0.18 | | | 0.13 0.13 0.04 
0.05 1140 1217 1126 0.16 0.16 0.15 | | | 0.09 0.09 0.1 
0.1 2248 2436 2303 0.17 0.17 0.12 | | | 0.6 0.6 0.2 
0.25 5331 5407 5533 0.73 1.48 1.35 | | | 0.73 0.73 0.82 
0.5 11290 11950 11420 1.54 1.55 1.35 | | | 1.23 1.23 0.70 
0.75 17239 17370 17170 - - 1.25 - - | - - 1.8 
1 22810 24580 22900 2.6 2.59 1.66 | | | 2.48 2.49 2.11 
*BDL: Below detection limit 
The second batch test used a slightly different variety of concentration compared to the 1st 
batch test. The chemical properties of the solution can be seen in Table 3-5. The procedure used 
for this test mirrors the procedure for the 1st batch test. The only difference in this procedure is that 
the solution used was made all at once in advance, thus having the same initial chemical properties. 
For each batch, 20 grams of dried and crushed soil was taken and placed in a clean, dry 
glass jar. 300 ml of the synthetic solution was then poured into the jar, and the jar was then closed 
tightly and labelled. The labelled jars were then placed in a shaker overnight in order for the 
solution to mix with the soil. The following day, the jars were taken out of the soil and rested for 
at least one hour for the soil to settle. The mixed solution was then filtered out using a vacuum and 
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filter paper (0.45 µm). The aliquot produced was then collected for cation analysis (refer to Table 
3-2 for method). The cation analysis was then used to produce adsorption isotherms, which will be 
further explained in section 3.5. 
Table 3-5 Chemical properties of the SS solution used for the 2nd batch test 
Molarity Expected Na 
Conc. (ppm) 
Actual 
conc. (ppm) 
Ca conc. 
(ppm) 
Mg conc. 
(ppm) 
K conc. 
(ppm)       
EC 
(mS/cm) 
SAR 
(meq/L) 
0.104 2400 2314 21 14 6 11.77 96.39 
0.052 1200 1189 11 7 4 6.12 69.36 
0.026 600 627 6 4 3 3.11 50.65 
0.013 300 321 3 2 2 1.64 34.51 
0.0065 150 158 2 1 2 0.82 22.07 
0.00325 75 79 1 1 2 0.42 13.52 
 
3.4.6 Flow through test using SS solution and hydraulic conductivity test 
(October 2014 – January 2015) 
Flow through testing with SS solution was completed for all three soil groups, however 
only the A horizon was used. Within a soil profile, organic matter exists on the top of the soil 
profile followed by the A horizon (surface soils), B horizon (subsoil), and C horizon (Weathered 
rocks). The A horizon has minerals mixed with some organic matter, thus the root zone is typically 
found on this horizon.  In addition, plant productivity is mostly found in horizon A. Thus only the 
A horizon was tested. The flow-through test was conducted using a triaxial cell set up as seen in 
Figure 3-7.  Undisturbed soil columns that have not yet been used for other testing were used for 
this experiment. The synthetic solution (SS) properties used in this testing can be seen in Table 3-6. 
The procedure of the flow-through test is described in Figure 3-6. 
  
 51 
Chapter 3:  Research design 
 
 
-An undisturbed soil column (250mmx98mm) of the A horizon was cut 
from the unused soil columns stored. The soil column was then weighed and 
placed in the triaxial cell, which was firstly prepared, by placing filter paper 
in between the porous discs and soil column. The soil was then wrapped 
with a membrane. 
 
 
-Once the triaxial was set up, tap water was poured into the fluid reservoir 
and connected to the triaxial cell. The triaxial cell was put under pressure 
with a confining pressure of 425-500 kPa, while the back pressure had a 
pressure of 350-450 kPa.   
-As the tap water flowed through the soil and exited the triaxial cell, the flow 
rate of the water was then recorded. This was done to measure hydraulic 
conductivity. 
 
-Once the flow rate was recorded, the fluid reservoir was emptied and 
replaced with the synthetic solution.  
 
 
-As the synthetic water goes through the soil sample and exited the triaxial 
cell, the leachate was collected and stored for further laboratory analyses. 
The leachate was collected at least every 5 ml.  
 
-Once the irrigation/leaching with synthetic finished, the fluid reservoir is 
emptied again and replaced with tap water. The flow rate was the recorded 
again. The hydraulic conductivity of each soil column was then determined 
using the measurements recorded using the triaxial cell. 
Figure 3-6 Flow-through test using the triaxial cell and measuring the flow rate using the triaxial 
cell method 
Table 3-6  Chemical properties of the SS solution 
Code Molarity 
Expected Na 
Conc. (ppm) 
Actual Na 
conc.(ppm) 
Ca conc. 
(ppm) 
Mg conc. 
(ppm) 
K conc. 
(ppm) 
SAR 
(meq/L) 
J1 0.104 2400 2483 24 14 5 104.30 
J2 0.104 2400 2493 23 14 6 101.46 
*J1 solution used to irrigate Grey Vertosol and Brown Chromosol, J2 used to irrigate Black Vertosol 
 
Figure 3-7 Triaxial set up 
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The pressure used in the triaxial cell has been chosen from literature values. Purdy and 
Peters (2004) had reported that for soils with hydraulic conductivities of less than 1x10-06 (a rough 
estimate of the hydraulic conductivity was conducted using the Allen Hazen formula), the inlet 
pressure (back pressure) of the triaxial cell is typically set at 434kPa, while the cell (confining) 
pressure is set at a pressure of 21-69kPa greater than the back pressure. Meanwhile Murray (2002) 
had determined that for a clayey soil the inlet pressure should be set to 425kPa, while the cell 
pressure is set to 550kPa. This is why the cell (confining) pressure was set at 425-500kPa, and the 
back pressure at 350-450kPa. The water used to measure the hydraulic conductivity was tap water, 
as it does not have elevated levels of ions such as sodium, which might alter the properties of the 
soil. The composition of the tap water can be seen in Appendix 2. 
 The hydraulic conductivity was measured using the flow rate (q) from the triaxial cell 
permeability measurements and equation (8). This methodology and equation is taken from 
Manual of Soil Laboratory Testing Volume 3: Effective Stress Test (Head, 1986). K refers to the 
hydraulic conductivity in m/s, A is the area of sample, and i is the hydraulic gradient of the sample.  
𝐾 =  𝑞
60𝐴𝑖
 m/s       (8) 
 The leaching of the soil column with the SS solution was conducted for 2 weeks or until 
sufficient aliquot was collected. The brown Chromosol was leached for 2 weeks, whereas the grey 
Vertosol was also irrigated for 2 weeks with 2 different samples, and the black Vertosol was 
irrigated for more than 2 weeks (discussed in Chapter 5). The hydraulic conductivity of each soil 
column was then determined using the measurements recorded using the triaxial cell. The flow-
through test of the soil using SS solution as irrigation water is not a column experiment and thus 
the samples were not flushed with rainwater. This testing was completed in order to determine the 
effect of sodium onto soils using an irrigation method, rather than a batch test method. 
3.4.7 Soil physico-chemical properties after irrigation (March-June 
2015) 
The soil used for the flow through test was then used to conduct more physico-chemical 
tests. The testing includes exchangeable cations (completed by an external lab), ESP, EC (see Table 
3-2 for methods) and hydraulic conductivity (described in the previous section). This was 
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completed to observe the differences of some chemical properties after the soil had been irrigated 
with the synthetic solution. 
3.4.8 Compiling, assessing data and reporting of results (January-June 
2015) 
On completion of all testing and experiments, the data was then organised, compiled and 
analysed. The analysis includes determination of adsorption isotherms, distribution coefficients 
and salinity hazard assessment.  Raw results from the flow rate measurements were transformed 
into hydraulic conductivity values using equation (9). 
3.4.9   Plotting sodium adsorption isotherm (December 2014, May-June 
2015) 
The data from the ICP analysis of the cations were used to identify how much sodium was 
adsorbed onto soils by observing the difference of concentrations in the leachate collected from the 
batch tests and flow through test, in comparison to the original feed solution in both tests. To 
quantitatively measure the sodium adsorption of the SS solution onto the soils, adsorption 
isotherms were used. This was done by plotting the sodium concentrations of the sodic water after 
the column test against the sodium concentration in the soils. From this, a distribution coefficient 
(Kd) or a Langmuir coefficient (KL) was calculated to determine the sodium adsorption.  
Firstly, a linear isotherm was used to determine the Kd and maximum sodium adsorption 
of the soils (equation 3); however, it was found that the linear isotherm did not have a good fit with 
the measured values (poor R-squared value), thus a Langmuir isotherm was used. The Langmuir 
isotherm is described by equation (4) and was found to have a better fit, as the measured values 
deviate from linearity. As discussed in the literature review, some adsorptions occurs in a 
multilayer, and thus would have to be described using a different isotherm equation. In order to 
determine if a multilayer adsorption is occurring on the soils, a modified Langmuir isotherm 
equation was used: the Aranovich-Donohue (AD) isotherm equation (equation 7). The Langmuir 
and AD isotherms were plotted onto one graph so a comparison can be made to determine which 
isotherm best fits the measured values.  
s = Kd ∙ C          (2) 
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  𝑞 =
𝑞𝑚𝑎𝑥𝐾𝐿𝐶𝑒𝑞
(1+𝐾𝐿𝐶𝑒𝑞)
         (3) 
𝑞 =
(𝑞𝑚𝑎𝑥𝐾𝐿𝐶𝑒𝑞)
(1+𝐾𝐿𝐶𝑒𝑞)(1−
𝐶𝑒𝑞
𝐶𝑜
)𝑛
        (6) 
Where: s or q: the amount of adsorbed concentration in a solid 
Kd: distribution coefficient 
C or Ceq: concentration in solution 
KL: Langmuir adsorption coefficient related to the bonding energy of adsorption 
qmax: maximum adsorption capacity of the solid 
n:  0<n<1   
As the AD isotherm is a modified Langmuir isotherm, both the Langmuir and AD 
isotherm were used to measure the Langmuir coefficient, which is a measure of the intensity of the 
adsorption, and to determine the maximum sodium adsorption of the East Theten soils.  
3.4.10 Salinity hazard assessment (June-July 2015) 
Leaching fraction (LF) and average root zone salinity was calculated in order to determine 
the salinity hazard and if the saline-sodic solutions are suitable for soil irrigation and crop growth. 
The LF (9) was estimated by using calculations similar to that found in Groundwater 
characterisation and disposal modelling for coal seam gas recovery (Taulis, 2007), which was 
adapted from the method described in Salinity Management Handbook (2011) and ANZECC 
guidelines (2000). The LF calculations were carried out for situations in which irrigation was 
dependent on CSG water (here SS synthetic solution), and this model was made to determine the 
effects of water quality on soils.  
LF=𝐸𝐶𝑖
𝐸𝐶𝑑
          (9) 
Where:  i:  input water salinity  
d: drainage below the root zone 
 Steady state method (long term irrigation) was used to predict the LF. For this method, a 
prediction of the LF under rainfall conditions (LFr) only (prior to irrigation) and LF under irrigation 
with SS solution (LFf) are calculated. The LF for the average root zone (LFav) was also measured 
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in order to determine the predicted root zone salinity (ECse). The leaching fractions were calculated 
with and without “ESP correction”, in which the LF without the ESP correction only accounts for 
the salinity of the SS solution, but not the SAR. Long term irrigation with water with high SAR 
values will cause the ESP of soil to increase, requiring the ESP to be adjusted. A relationship 
between SAR and ESP has been developed previously, which has been found to provide practical 
predictions including Australian soils under irrigation (Skene, 1965). The ESP correction in the LF 
calculations therefore uses the SAR of the irrigation water can be used to predict soil sodicity 
response to irrigation (ANZECC, 2000),. The use of the ESP correction alters the predicted LF and 
ECse. The calculation with ESP correction incorporates equation (10) to calculate the ESP from 
SAR values. 
𝐸𝑆𝑃 = 100(−0.0126+0.01475𝑆𝐴𝑅)
1+(−0.0126+0.01475𝑆𝐴𝑅)
      (10) 
The rainfall data is used as flushing from rainfall periodically occurs throughout the year. 
The rainfall data used here is taken from the average rainfall per year from the closest weather 
station  (Dalby airport 1992-2014 (Bureau of Meteorology, 2015)). ANZECC guidelines 
(ANZECC, 2000) explained that “these methods are based on empirical relationships between 
readily measured soil properties and soil leaching. Soil leaching is adjusted for changes resulting 
from irrigation water salinity and sodicity. Rainfall is explicitly incorporated in its effect on water 
composition and soil leaching behaviour from which equilibrium soil salinity and sodicity values 
are estimated, assuming a steady-state mass balance approach.”  An assessment was also made, 
relating the LF and salinity to plant salt tolerance from ANZECC guidelines. This was completed 
in order to determine the severity of salinity assessed on the crops. 
 LIMITATIONS 
During the course of this study, a few limitations have occurred, such as the re-
determination of particle size distribution, the occurrence of a preferential pathway within the soil 
sample and limited leachate sample. Detailed descriptions of the limitations are described below: 
x The results from the laser diffraction PSD found significantly lower clay particles than 
expected. This has been observed by other studies (Di Stefano et al., 2010; Eshel et al., 
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2004; Pieri, Bittelli, & Pisa, 2006) where the laser diffraction method tends to 
“underestimate” the clay fractions when compared to traditional sedimentation techniques. 
This limitation may be due to the fact that there is a lack of database correlating laser 
diffraction derived PSD with soil properties. In order to mitigate this limitation, a more 
traditional method of identifying PSD was also used in this study. 
x During the GV irrigation in the triaxial cell, a preferential path was assumed to have 
occurred in the soil sample. After the 10th leachate sample was collected the feed solution 
had percolated through the soil column all at once; thus, irrigation of the GV was repeated 
but with a different soil sample (however, both samples were from the same soil core). 
The same problem occurred again after the 10th leachate collection. Hence, it is believed 
that a preferential pathway may have occurred in the 1m long soil sample. This limitation 
is hard to mitigate as a preferential pathway occurs naturally within the soil profile under 
in-situ conditions. A way to prevent this is to collect more than one soil column sample of 
the same soil type; preferably the location of the samples are slightly further away from 
each other to avoid all the samples having preferential pathways. 
x The leachate samples collected for the BV was limited due to the nature of the Vertosol 
soil (shrink-swell and high clay content). The leaching should be conducted for a longer 
period compared to the BC, to gain a uniform number of samples. The hydraulic 
conductivity was calculated during the collection of the leachate by using the volume of 
the leachate collected over time. Thus, the measurement of the hydraulic conductivity for 
the BV differs from the GV and BC. This can be mitigated by allowing more time for the 
soils to be leached.  
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4Chapter 4:  Baseline characteristics of 
East Theten soils 
This chapter focuses solely on the baseline characteristics of the soil present at East Theten 
farm. The results presented in this chapter relate to the physical and chemical characteristics of the 
prior to irrigation with treated CSG water or any other chemical. It is also important to use these 
results as a comparison when soils testing are done during or after the irrigation. According to the 
FSA “East Theten Irrigation: Land and Water Environmental Management Plan” report, the site 
has 3 soil groups, Black Vertosol (BV) with a self-mulching surface, Grey Vertosol (GV) and a 
deep brown or yellow Chromosol (BC) (FSA Consulting, 2010). While collecting soil core 
samples, descriptions of soil cores were noted (soil logs). These can be seen in Appendix 1. In 
addition, laboratory testing for the physico-chemical properties of the soil described in Table 3-2 
were completed to determine the baseline characteristics of the soils.  
 FIELD DESCRIPTION OF SOILS 
During the soil collection at Dalby, field descriptions of the soils were conducted 
based on the Australian Soil and Land Survey Field Handbook (The National Committee on 
Soil Terrain, 2009). On site testing was conducted, which included a bolus test to determine 
field texture, field pH, which was measured using the Inoculo soil pH testing kit and soil 
colour, which was determined using the Munsell colour chart (Munsell Color).  Calcium 
Carbonate nodules were also inspected in the soil samples. Table 4-1, Table 4-2 and Table 4-
3 represent the soil types present on site. The field description notes and soil logs are also 
presented in Appendix 1. 
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Table 4-1 Soil type 1 on site description and test 
 
Depth 
(mm) 
Horizon pH Field 
texture 
CaCO3 
nodules 
Colour 
description 
0 - 200 A 6.5 Medium 
clay 
- 7.5YR 2.5/1 
200- 970 B 8-8.5 Silty, clay 
loam 
Yes 7.5YR 2.5/1 
 
Table 4-2 Soil type 2 on site description and test 
 
Depth 
(mm) 
Horizon pH Field texture CaCO3 
nodules 
Colour 
description 
0 - 30 A 5 Clayey sand - 7.5YR 3/1 
30-530 A 6 Clay loam, 
sandy 
- 10YR 3/1 
530-1000 B 8.5 -9 Light medium 
clay 
Yes 10YR 4/1 
 
From these results alone, a good indication of the soil groups present on site can be 
determined. Soil type 1 is uniformly black in colour, with a neutral to alkaline pH. Surface 
soils are cracked and dry, which seems to be a shrink-swell soil. The A horizon are medium 
clays while the B horizon are more silty and loam dominated clays. Some calcium carbonate 
nodules were seen after 800 mm, and this was also confirmed by conducting the “fizz” test 
with HCl. From this, it is deducted that soil type 1is Black Vertosol (hereon BV).  
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Table 4-3 Soil type 3 on site description and test 
 
Depth 
(mm) 
Horizon pH Field texture CaCO3 
nodules 
Colour 
description 
0 - 120 A 4.5 Clayey sand - 10YR 3/4 
120 - 240 A 4.5 Clay loam, 
sandy 
- 10YR 3/4 
240 – 
550 
B 5 Light medium 
clay 
- 10YR 4/3 
550-970 B 8-8.5 Medium clay Yes 10YR 4/3 
 
Soil type 2 from the surface looks comparable to soil type 1; however, at depth there is 
a slight colour change from deep grey/black to a deep greyish brown. It has a slightly acidic 
pH, which turns more alkaline within depth. The clay content of the soil also increases with 
depth, starting off as clayey sand at the surface to light-medium clay after 500mm. Like the 
first soil, some calcium carbonate nodules were present after 500mm. This soil also has a 
shrink-swell surface, which classifies soil type 2 as a Grey Vertosol (hereon GV). 
 Soil type 3 is a different soil compared to the other 2 soils. It has yellowish-brown 
colour that gradates into a deep brown. It has sandy texture at the surface, which abruptly 
changes into a clay soil within depth, which makes this a duplex soil. The pH varies from 
slightly acidic at the surface to alkaline within depth. Many calcium carbonate nodules can be 
seen in the B horizon. It can be deduced that soil type 3 is a Brown Chromosol (hereon BC). 
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 SOIL PHYSICO-CHEMICAL CHARACTERISTICS 
The physico-chemical properties were all measured in a confined laboratory 
environment where the standard temperature is 24-25oC with standard atmospheric conditions. 
Though both the A and B horizons were analysed in this section, the section of the soil that is 
of interest in this study is the plant root zone; thus the A horizon has more importance in this 
study and will be analysed in more detail. 
4.2.1  Soil chemical properties 
Once the soil samples were brought back to the laboratory, further analyses were carried 
out. The chemical analysis included, pH1:5, EC1:5 (pH and EC measured in water at a ratio of 
1 parts soil to 5 parts water), soluble chloride and exchangeable cations. From the 
exchangeable cations concentrations, the cation exchange capacity (CEC) and exchangeable 
sodium percentage (ESP) were also determined.  Since this project focuses on sodium content 
of soils, it heavily relies on chemical analysis, especially the ESP and EC. Table 4-4 represents 
the summary of the chemical analysis.  
Table 4-4 Major chemical characteristics of East Theten soils (Details can be seen in Appendix 3) 
 Black Vertosol (BV) Grey Vertosol (GV) Brown Chromosol (BC) 
Horizon A B A B A B 
pH1:5 7.63 8.43 7.49 9.22 5 9.31 
EC1:5 (dS/m) 0.16 0.76 0.14 0.25 0.06 0.31 
Ex
ch
an
ge
ab
le
 
ca
tio
ns
 (m
eq
/1
00
g)
 Ca2+ 19 16.4 8.4 14.3 1 6.7 
Mg2+ 11.7 15.7 3.6 7.1 <0.2 5.9 
K+ 0.7 0.4 0.5 0.6 0.3 <0.2 
Na+ 0.9 3.5 <0.2†† 0.5 <0.2 0.8 
CEC 32.3 36 12.5 22.6 1.3 13.4 
ESP (%) 2.79 9.72 <0.2 2.4 7.69 5.97 
Organic Matter 1.8 - 1.8 - 2.3 - 
                                                          
 
††0.2 is the Limit of Reporting (LOR) given by ALS 
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4.2.1.1  pH 
The pH measures soil acidity or alkalinity and gives an indication of chemical activity 
in the soil. When a soil is close to or at a neutral pH, their chemical activity is low and vice 
versa (Hazelton & Murphy, 2007). The pH value given by laboratory measurement varies to 
that of on-site pH testing (refer to Table 4-2 and Table 4-3). From the results, it can be seen 
that with depth, the alkalinity of the soils increase. The BV has mildly alkaline A horizon and 
a moderately alkaline B horizon. The laboratory pH results suggest that the A horizon is more 
alkaline than acidic (compared to the results given by the onsite test). The GV has a mildly 
alkaline A horizon and a very strong alkaline B horizon. Like the BV the A horizon results 
from the laboratory analyses were more alkaline than the “very strongly acidic” pH based on 
the on-site test results. The BC has a very strongly acidic A horizon and a very strongly 
alkaline B horizon. This result almost parallels the on-site testing, as both indicate that the A 
horizon is very strongly acidic and the B horizon is strongly to very strongly alkaline.  
From all of the soils, it can be seen that the BC has the largest variation with depth in 
pH and the BV has the smallest (refer to Table 4-4). The increase in pH with depth is expected, 
as soil near the surface receives maximum leaching from rainfall and the metal cations such 
as Ca, K and Mg are removed and replaced with hydrogen ions. The lower horizon however, 
are not strongly leached, thus the increase in pH. Chromosols are duplex soils, in which the 
upper horizon has less clay content and is easier for water infiltration. However, the lower 
horizon has a high clay content, which causes the metal cations leached from the upper horizon 
to accumulate in the lower horizon, significantly increasing pH. Vertosols have a moderately 
uniform clay content throughout its profile; therefore, the small pH variation. 
From the pH values of the A horizon given in Table 4-4 the soils can be used for a 
number of crops and vegetables. With reference only to the pH, the Vertosols are suited to 
grow almost any type of crop, whereas the Chromosols are limited to rice, canola, chickpeas, 
linseed, lupins, maize, oats, sorghum and soybeans (NSW Agriculture, 2000). 
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4.2.1.2  Soil salinity (EC) 
The measurement of soil salinity is important as it can have a major impact on soil and 
plant productivity. Salinity refers to soluble salts and is typically determined by measuring the 
EC. As explained in the methods chapter, the EC measured was by the 1:5 soils to water ratio, 
as it is the simplest and most common method. Though it is the most convenient method, it 
suffers some disadvantages such as a more dilute concentration than field conditions. There 
are methods of conversions to a ‘saturated extract’ EC, which gives a more meaningful result. 
The methods include multiplying the EC1:5 value with a multiplier factor which varies across 
researchers (Loveday, Beatty, & Norris, 1972; Shaw, 1981; Slavich & Petterson, 1993; 
Talsma, 1968). Talsma (1968) found that ECse = 6.4 EC1:5  is a good relationship, which is 
further supported by Loveday et al. (1972). Shaw (1981) found a relationship ECse = 6.08 EC1:5 
– 0.937 for salt affected and normal clay soils has , whereas Slavich and Petterson (1993) 
found that ECse = EC1:5 (2.46 + 3.03/𝜃sp) gave the best relationship, where 𝜃sp is the saturation 
percentage (Shaw, 1999). Usually there is a need to convert the values to ‘saturated extract’ 
EC as most studies use the value to show the relationship between EC and soil salinity ratings. 
However, now the EC1:5 value can also be used by using the Rayment and Lyons (2011) 
relationship table which takes into account the clay content amount in the soils. 
Comparing the results in Table 4-4 to Table 4-5, it can be seen that the BV A horizon 
has a low salinity rating whereas the B horizon has a high salinity rating. The GV has a low to 
medium salinity rating, whereas the BC has a very low salinity rating for its A horizon, but 
has medium salinity rating for its B horizon (compared to the salinity rating from given in 
Table 4-5. There are a number of factors that may be affecting soil salinity, particularly surface 
water, groundwater and human activity. Historically, if there is an absence of shallow water 
table, salts accumulate below the plant root zone, which seems to be the case in this study. Salt 
accumulation also depends on the permeability of the soil, as low permeability soils tend to 
have more salt accumulation in the root zone (for hydraulic conductivity, see section 4.2.4).  
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Table 4-5 Soil salinity rating. Reproduced from Rayment and Lyons (2011), with permission from CSIRO publishing 
Plant salt tolerance Soil salinity  
EC1:5 (dS/m) 
10-20% 
clay content 
20-40% 
clay content 
40-60% 
clay content 
60-80% 
clay content 
Sensitive Very low <0.07 <0.09 <0.12 <0.15 
Moderately sensitive Low 0.07-0.15 0.09-0.19 0.12-0.24 0.15-0.3 
Moderately tolerant Medium 0.15-0.34 0.19-0.45 0.24-0.56 0.3-0.7 
Tolerant High 0.34-0.63 0.45-0.76 0.56-0.96 0.7-1.18 
Very tolerant Very high 0.63-0.93 0.76-1.21 0.96-1.53 1.19-187 
Generally too saline Extreme >0.93 >1.21 >1.53 >1.87 
4.2.1.3  Exchangeable cations and cation exchange capacity (CEC) 
Some of the most abundant cations in soils that are present in exchangeable form are 
calcium, magnesium, potassium and sodium.  These exchangeable cations concentrations are 
summed to measure the soil’s ability to retain and exchange cations, referred to as the cation 
exchange capacity (CEC). The CEC value can be an indicator of many things, such as 
weathering, type of soil, clay mineralogy, but most importantly, the capacity of the soil to hold 
and exchange cations. The individual levels of exchangeable cations can be seen in Table 4-6 
and the CEC rating can be seen in Table 4-7.  The CEC rating indicates the resistance to 
changes in soil chemistry (Hazelton & Murphy, 2007). 
Table 4-6 Levels of exchangeable cations (meq/100g).  (Metson, 1961) 
Cation Very low Low Moderate High Very high 
Na 0-0.1 0.1-0.3 0.3-0.7 0.7-2.0 >2 
K 0-0.2 0.2-0.3 0.3-0.7 0.7-2.0 >2 
Ca 0-2 2-5 5-10 10-20 >20 
Mg 0-0.3 0.3-1.0 1-3 3-8 >8 
 
From the results shown in Table 4-4 and relating it to the levels of exchangeable cations 
given in Table 4-6, it is deduced that the BV, has a moderate level of exchangeable potassium, 
high levels of exchangeable calcium and sodium, and a very high level of exchangeable 
magnesium. In the GV, the A horizon has lower levels of exchangeable cations all together 
compared to the B horizon. Within the A horizon, there is a high level of exchangeable 
magnesium, moderate level of exchangeable calcium and potassium and a low level of 
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exchangeable sodium. The B horizon has high levels of exchangeable calcium and magnesium, 
and moderate levels of exchangeable potassium and sodium.  
The BC has a low level of exchangeable potassium, a very low to low level of 
exchangeable magnesium, very low to moderate levels of exchangeable Calcium and low to 
high levels of exchangeable sodium. 
Table 4-7 Ratings for CEC. (Metson, 1961) 
Rating CEC (meq/100g) 
Very low <6 
Low 6-12 
Moderate 12-25 
High 25-40 
Very high >40 
 
From the exchangeable cations, the CEC can be determined, which is also given in 
Table 4-4. Relating the results given in Table 4-4  and the CEC rating given in Table 4-7, it 
can be seen that the BV has a high CEC rating, which means the soil has excellent 
adsorption ability and high resistance to changes in soil chemistry. The GV has a moderate 
CEC, which means it has good adsorption ability and a moderate resistance to soil chemistry 
changes, and the BC has a very low CEC for its A horizon and a moderate CEC for its B 
horizon. This means that the A horizon has a low resistance to changes in soil chemistry, 
does not have a strong ability to adsorb, and relies heavily on microbiological 
decompositions process and filtration, while the B horizon has a better ability to adsorb.  
The CEC values of the BV are typical of a clay soil, whereas the GV is typical of a 
silty loam to clayey loam soil. The BC however, with a lower CEC at the A horizon can be 
concluded to be a sandy soil while its B horizon a loam to silty loam soil The CEC values 
can also indicate the relative degree of weathering. A low CEC value, like those found in the 
BC, indicates that weathering has eliminated some primary minerals which lead to an 
increase in secondary minerals such as kaolinite.  A high CEC value, found in the BV and 
GV indicates a less weathered soil, which means the primary minerals are slowly releasing 
their nutrients. This is typical of clay minerals such as illite and smectite (terraGIS, 2014). 
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Generally, a CEC between 0-15, found in the BC, is composed of kaolinite, and a 
CEC between 10 & 40 would likely to have been composed of illite and/or chlorite, and a 
CEC of 45-160 is likely to be composed of smectite (Rengasamy & Churchman, 1999; 
terraGIS, 2014). In addition, CEC can also indicate a rough index of the shrink-swell 
potential of a soil. A low CEC like that found in the BC would be estimated to have a very 
poor structural resilience and low shrink-swell potential. On the other hand, a high CEC like 
that found in the Vertosols suggests that these soils have moderate structural resilience and a 
high shrink-well potential (terraGIS, 2014). This indicates that the Vertosols may be self-
mulching, and can help the formation of stable vertical cracks into the soil, which in return 
can enhance root growth and the incorporation of OM and water into the subsoils. With this 
said, shrink-swell soils can be problematic when irrigated with saline-sodic water, as 
swelling minimises pore space for waterflow, and sodicity can cause dispersion, which will 
lead to a decrease in permeability. This further confirms the type of soils determined from 
the field descriptions in section 4.1. 
4.2.1.4 Soil Sodicity 
Soil sodicity can occur whenever there is exchangeable sodium in the soil, and from the 
results given in Table 4-4, it can be seen that all three soils have a considerable amount of 
exchangeable sodium. The level of exchangeable sodium in the soil was evaluated by assessing 
the exchangeable sodium percentage (ESP), whereas sodium adsorption ratio (SAR) was used 
to determine the sodicity using the soil solution. For soil purposes, ESP is used rather than 
SAR, as SAR is a measure of sodicity for water or soil solution. According to Northcote (1972) 
the ESP proposed for Australian soils are as followed: ESP <6 is categorised as non-sodic, 
ESP 6-15 is sodic and ESP >15 is strongly sodic. The ESP of the three soils and their horizon 
are given in Table 4-4. Relating the results to the ESP levels, it was found that the Vertosols 
have a non-sodic A horizon and the BC has a sodic A horizon. The GV also has a non-sodic 
B horizon; however the BC has a borderline sodic B horizon, while the BV has a sodic B 
horizon.   
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As described in Chapter 1, it is important to measure sodicity of soils as it is a direct 
link to soil and plant productivity. Sodicity causes or magnifies swelling and dispersion of clay 
particles in soils and potentially deteriorates the soil and greatly affects the permeability of the 
soil. Once the soil is irrigated with water that is sodic and/or saline, it may cause a reduction 
in permeability in all three soils. As discussed in the Chapter 2, it was found that each soil 
group will have differing threshold electrolyte concentrations (TEC). Based on Bennett and 
Raine’s (2012) finding, each soil has its own threshold electrolyte concentration (TEC) (Figure 
4-1. For more details, refer to Appendix 4). In the black Vertosol soil (indicated by soil 6), soil 
structural problem will start to arise when irrigated with water with a SAR of 18 at EC 1dS/m 
(Bennett & Raine, 2012). The grey Vertosol soils (indicated by soil 1) will likely have 
structural problems when irrigated with water with a SAR of 9 at EC 1dS/m, whereas the 
Chromosol (indicated by soil 5) will likely to have structural problems at SAR 21 at EC 1dS/m 
(Figure 4-1). These black Vertosols, grey Vertosol and Chromosol are similar to that used in 
Bennett and Raine’s (2012) study. Soils used in this study and Bennett and Raine’s study are 
both taken from the Darling Downs (Bennett & Raine, 2012) but at different locations. 
 
Figure 4-1 Soil TEC curves for six Queensland soils (Soil 1, 2, 6: Vertosols and soil 2, 3, 4: Chromosols) 
Source: Bennett and Raine (2012) 
 
4.2.1.5 Organic matter (OM) content 
Organic matter affects the water holding capacity, CEC, stability of the soil and it is also 
important for nutrient supply (Murphy, 2014). OM was only tested on the A horizon of each soil 
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type found. It was found that both Vertosols have 1.8% OM, whereas the BC has a higher OM 
content of 2.3%. Though the Vertosols have a lower OM content, the presence of the OM itself 
already indicates that the soil may have good productivity. According to Murphy (2014), generally 
OM content is more critical in soils with lower clay contents. BC has a higher OM content, but low 
clay content, thus the presence of OM may aid adsorption process in this soil. 
4.2.2 Soil texture  
The soil texture was determined on site, with reference using the Australian Soil and 
Land Survey Field Handbook  (The National Committee on Soil Terrain, 2009) in section 4.1; 
however, a more accurate texture determination can be done using particle size distribution 
(PSD) or particle size analysis. The PSD was firstly done with laser diffraction. However, as 
the results deviated from results given in other literature (i.e. Vertosols are known to have high 
clay content; however, the results from laser diffraction shows clay content of <30%), a second 
method using a hydrometer method was employed. 
4.2.2.1 PSD using laser diffraction 
The first PSD was completed using a laser diffraction method on a Malvern Mastersizer 
3000 described in section 3.4.3. From the data analysis, the clay, silt and sand content was 
determined and plotted onto the soil texture diagram, as seen in Figure 4-2. A summary of the 
results from the PSD can be seen in Table 4-8. 
Table 4-8 Summary of the PSD using laser diffraction 
  Clay (%) Silt (%) Sand (%) 
Black Vertosol 
 
A 
B 
28.4 
21.5 
57.9 
64.1 
13.7 
14.75 
Grey Vertosol 
 
A 
B 
25.1 
19.6 
49 
41.9 
25.9 
38.5 
Brown Chromosol 
 
A 
B 
2.45 
19.8 
16 
36.2 
81.55 
44 
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Figure 4-2 Soil texture defined from the PSD from the Laser diffraction method. Graph adapted from USDA  
 
From the soil texture diagram in Figure 4-2, it was found that the BV (red dot) A horizon 
is a silty clay loam, whereas the B horizon is a silty loam. The GV (blue dot) was found to be loam 
for both its A and B horizon; whereas for the BC (green dot), it was found that the A horizon is 
loamy sand, while the B horizon is loam. Due to limitations found using this method (for further 
discussion, refer to Chapter 7), another method was used to determine the PSD. 
4.2.2.2 PSD using sieving and hydrometer 
As laser diffraction methods are not as commonly used in soil testing, a PSD was also 
completed using the hydrometer method. Here, only the A horizons were tested for PSD. The 
resulting values (Table 4-9) are plotted onto the soil texture diagram on Figure 4-3. As it can 
be seen, the results differ significantly than the results developed from the laser diffraction 
method. The hydrometer method shows dominance of the clays. The texture of the A horizons 
from BV (red dot), GV (blue dot) and BC (green dot) shows that the soils are classified as 
sandy clay to clay, clay and sandy clay loam soils respectively (Figure 4-3 & Appendix 5).  
Table 4-9 PSD summary from the hydrometer method (refer to appendix 5 for further detail) 
 Clay (%) Silt (%) Sand (%) Gravel (%) Cobbles (%) 
Black Vertosol 44 10 44 2 <1 
Grey Vertosol 43 13 39 5 <1 
Chromosol 25 9 65 1 <1 
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The results from this method are more aligned to the results given in the literature and are 
expected for these type of soils, as Vertosols are known for a high clay content and Chromosol 
having a high sand content within its A horizon (Isbell, 2002).  
 
Figure 4-3 Soil texture defined from the PSD with hydrometer method. . Graph adapted from USDA  
 
4.2.3 Soil (clay) mineralogy 
The clay mineralogy was analysed using XRD on all three soils and for each identified 
horizons. In the Black Vertosols, the diffraction patterns are characteristic of that of a smectite 
(i.e. montmorillonite) and kaolinite (refer to Appendix 6). These results are expected as 
discussed in section 4.2.1.4 linking CEC values and clay mineralogy. The presence of certain 
minerals in the soil can strongly influence the structural resilience and permeability of the soil. 
The presence of smectite in clays suggests that the water holding capacity is high and the 
ability of shrink-swell is moderate to high; however, the presence of kaolinite may also suggest 
a low water-holding capacity. This is where the CEC to clay ratio (CCR) index can add value, 
as it gives an approximate of clay minerals present within the soil. Table 4-10 shows the CCR 
values in relation to clay minerals. The CCR relies on the clay ratio, and in section 4.2.2, 2 
results have been presented, one from laser diffraction method and one from hydrometer 
method, thus 2 CCR values were developed in Table 4-11. The CCR of BV and GV suggest 
that both have a mixture of clay minerals with a higher proportion of smectite, which means 
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the Vertosols have a high water- holding and adsorption capacity and the ability to shrink-
swell with possible cracking.  
Table 4-10 CEC to clay ratio (CCR). (Shaw, Coughan, & Bell, 1998) 
CCR Clay minerals 
<0.02 Kaolinite 
0.20-0.35 Illite & kaolinite 
0.35-0.55 Mixed clay mineralogy 
0.55-0.75 
Mixed mineralogy with higher proportion of 
montmorillonite (Smectite) 
0.75-0.95 Dominantly montmorillonite 
>0.95 Montmorillonite plus feldspars 
Table 4-11 CCR of soils from hydrometer method compared to the CCR levels given in Table 4-10 
Soil CCR Clay minerals 
BV_ A 0.73 Mixture of clay minerals with a higher proportion of smectite 
GV_ A 0.60 Mixture of clay minerals with a higher proportion of smectite 
BC_A 0.05 Kaolinite 
The GV XRD patterns are also that typically of a smectite and kaolinite (appendix 6). 
The dominant presence of smectite is evident, which mirrors the results suggested in section 
4.2.1.4. The XRD patterns of the BC (Appendix 6) show the presence of kaolinite and illite or 
Mica. This is also consistent with the finding in section 4.2.1.4, which suggests the clays 
consist of kaolinite. BC is identified as kaolinite, which suggests that the BC’s A horizon has 
a poor water-holding and adsorption capacity. 
4.3 HYDRAULIC CONDUCTIVITY 
The hydraulic conductivity is only calculated for A horizon as that is the area that this 
project is interested in. The hydraulic conductivity was measured using two different methods 
for comparison. The first method used the Allen Hazen method and second is using a constant 
head method by using a triaxial apparatus (refer to appendix 7for calculations). From the 
results seen in Table 4-12, it can be seen that the indirect method of determining the hydraulic 
conductivity resulted in a lesser value than the laboratory method. This is expected, as the 
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indirect method only relies on the grading characteristics while the laboratory method closely 
mimics in-situ situations. With that said, both methods show the same pattern, in that the BV 
has the lowest hydraulic conductivity, followed by BC and then GV.  
Table 4-12 Hydraulic conductivity of the three soils using two different methods 
Hydraulic Conductivity Black Vertosol A Grey Vertosol A Brown Chromosol A 
Allen Hazen formula using 
PSD values 
Ks= 7.43×10-09 m/s Ks= 2.96×10-08 m/s Ks= 1.50×10-08 m/s 
Triaxial cell measurements Ks= 5.24×10-11 m/s Ks= 3.85×10-09 m/s Ks= 1.27×10-09 m/s 
 For this projects purpose, the hydraulic conductivity value used will be from the triaxial 
cell measurements. When using the triaxial apparatus to measure hydraulic conductivity, there 
is a need to set the confining pressure of the cell and the back pressure. In the Vertosols, the 
pressures were kept the same at 425kPa and 350kPa for the confining and back pressure 
respectively; however, the BC had a higher pressure of 500kPa and 450kPa. The BC soil was 
tested first for hydraulic conductivity, and it was calculated that with a confining cell pressure 
of 500kPa and back pressure of 450kPa, it would closely mimic in-situ conditions. The second 
soil that was tested for hydraulic conductivity was the GV. As the soil is a shrink-swell soil 
and has higher clay content, the confining and backpressure of the triaxial cell was reduced, 
which was also applied to the BV. Since the pressures differ between the BC and Vertosols, it 
is difficult to compare against each other. In theory, the BC should have had a higher hydraulic 
conductivity than the GV as it has much lower clay content and is a sandier soil; however, this 
was not the case with the results retrieved here. This phenomenon may be explained by the 
higher pressures put on the triaxial cell for the BC, which could have made the soil column 
more compressed, thus reducing the pores within the soil.  
The BV has the lowest hydraulic conductivity, which is expected from the results given 
by the clay content and clay mineralogy. The GV also has a low hydraulic conductivity; 
nonetheless, it is slightly higher than the BC. Though this is not expected, it is only marginally 
higher, and can be explained due to the higher pressure placed on the BC soil. As the Vertosols 
had the same pressure applied onto the triaxial cell, the hydraulic conductivity can be measured 
against each other. Looking at the clay mineralogy, field texture given in Table 4-1, Table 4-
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2, Table 4-3 and PSD in Table 4-9, it is expected that the GV have a higher hydraulic 
conductivity than the BV. Though the soils differ in hydraulic conductivity, they are all 
considered extremely slow for infiltration. This means that water would infiltrate the soil at a 
very slow pace. However, this also indicates that the soils can be good for water storage. 
4.4  Summary and Conclusion 
The three soils identified in this study were the Black Vertosol, Grey Vertosol and 
Chromosol. Though the type of soils were initially determined from field descriptions and on 
site testing of the soil, the laboratory tests for the physical and chemical properties further 
support the findings. The Vertosols were found to be clayey soils from the CEC values, and 
were also found to have higher clay contents than to the Chromosols. This was further 
confirmed from the XRD patterns. From the XRD patterns and CCR values, it was found that 
smectite dominated in the Vertosols, whereas clay minerals present in the BC are kaolinite. 
This is to no surprise, as smectite, which also explains their shrink-swell capability, typically 
dominates clay soils such as Vertosols.  
The BC has a sandier A horizon which is kaolinite dominant. The high clay content and 
clay minerals present in the soil can explain the low hydraulic conductivity of the soils. From 
the results given, it can be concluded that the Vertosols will most likely have problems 
regarding soil productivity when leached with saline-sodic water, as it has a high CEC, high 
clay content, is a shrink-swell soil and a low permeability with a high water storage capacity. 
The BC however, will not have as much problems in the A horizon, as it has a low CEC and 
low clay content. With this said, if the BC is irrigated with saline-sodic water, it may alter the 
soil profile and cause the A horizon to become more sodic and the B horizon to become sodic 
over time as it was found that the B horizon is borderline sodic. Thus there is a need to closely 
manage irrigation in this soil.  
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5Chapter 5:  Soil Leaching with Sodic 
Solution 
In this chapter, the results of the leaching and irrigation process of the three soils from East 
Theten with saline-sodic (SS) solution were explored. Two batch test were performed to determine 
the sodium adsorption capacity of the soils. Once this was completed, the flow through test was 
conducted using a triaxial set up. When conducting the flow-through leaching test using the triaxial 
cell, it was found that the experiment took a long time to complete due to the nature of the soils. 
Thus, the BV had less leachate samples compared to the BC and GV. For the batch tests, sodium 
adsorptions onto soils were explained using adsorption isotherms and the adsorption constant 
(distribution coefficient and Langmuir coefficient); whereas breakthrough curves were used for the 
flow through column experiment to show sorption. Three types of adsorption isotherms were 
trialled: Linear, Langmuir and Aranovich Donohue. The Linear and Langmuir isotherms were used 
as they are some of the most common isotherms used to describe adsorption, whereas the 
Aranovich Donohue was chosen to explain a multi-site adsorption. 
 ADSORPTION ISOTHERM  
Two batch tests were performed to quantitatively measure sodium adsorption. The first 
batch test was conducted with 11 different concentrations of sodium solutions (saline-sodic/SS 
solution) ranging from 0.0006M to 1M (refer to section 3.4.5). This was carried out to observe how 
the soils react when exposed to increasing sodium concentrations. The second batch test was 
conducted with 6 different concentrations, with a smaller range of 0.003M to 0.1M. This was done 
to expand on the first batch test and gain an understanding of the processes occurring at the lower 
sodium concentrations of SS solution. Three adsorption isotherms were used to analyse the results: 
linear, Langmuir and Aranovich Donohue (AD).  
5.1.1 Linear isotherm 
 For the first batch test, the first isotherm used was the linear isotherm shown in Figure 
5-1. The slope of the linear regression equation given in the isotherm graphs indicates the 
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distribution coefficient (Kd) value of each soil. From Figure 5-1, it can be seen that the Vertosols 
have a better sodium adsorption capacity compared to the brown Chromosol (BC). The low R-
squared value for the BC indicates no adsorption, showing little correlation between the amounts 
of sodium adsorbed to the equilibrium concentration. Though both Vertosols show sodium 
adsorption, the Kd (shown in the isotherm graphs as the slope in y= mx + c) suggests that the GV 
has a better intensity of adsorbing sodium than the BV. 
 
  
 
 
 
 
 The results of the second batch test was shown along with the combined results of the 
first and second batch test, in order to see if the results from the second batch test fits within the 
first batch test results. As shown in Figure 5-2, the results from the second batch test fits within the 
first batch test results. This is indicated by the clustering at lower sodium concentrations. The slope 
of the linear regression equation given in the isotherm graphs indicates the distribution coefficient 
(Kd) value of each soil.  
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Figure 5-1 Sodium adsorption onto East Theten soils using the linear isotherm (First batch test) 
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From Figure 5-2, it can be seen that the Vertosols have a better sodium adsorption capacity 
compared to the BC. The BC is seen to show no adsorption, as indicated by the low R-squared 
value, showing little correlation between the amounts of sodium adsorbed to the equilibrium 
concentration. Both the first and second batch test show that the linear isotherm has a poor fit when 
used against the measured sorption values, thus a non-linear second and third isotherm was used 
to analyse the sodium adsorption.  
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Figure 5-2 Linear sodium adsorption isotherm from the second batch test along with a combined 
result from the first and second batch test 
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5.1.2 Non-linear isotherm 
The Langmuir isotherm was used to analyse this along with the Aranovich Donohue (AD) 
isotherm, which is a Langmuir equation fitted with an equation formed by Aranovich and Donohue 
(Aranovich & Donohue, 1995) in order to explain a multilayer adsorption. The AD was used here 
as the curves of the measured values do not form the typical Langmuir L-curve.  Figure 5-3 shows 
the sodium adsorption of the SS solution onto East Theten soils using both the Langmuir and AD 
isotherms for the first batch test. Two different isotherms were shown for comparison purposes 
and to see which isotherm fits best with the measured values. Firstly, the Langmuir equation was 
applied to the sorption data, and the isotherm generated only gave a reasonable fit to the BV soil, 
thus the AD equation was also applied to the sorption data. Figure 5-3 shows the AD isotherm has 
a better fit compared to the Langmuir isotherm, as the AD has a higher R-squared (correlation 
coefficient) value. 
The BV soil shows that both Langmuir and AD isotherm fit the measured values, with 
both showing a high correlation coefficient. Based on the fitted Langmuir equation, the maximum 
adsorption of sodium ions is at 8.83g/kg with a Langmuir coefficient of 9.3 x10-5L/kg, whereas 
using the AD equation, a maximum adsorption of 5.54g/kg was found with a Langmuir coefficient 
of 0.00024L/kg. The results from the AD equation are a better result as it has a slightly higher 
correlation coefficient than the Langmuir, thus a better fit. It is suggested that there may be a 
multilayer adsorption occurring, as the AD values provide a better fit.  
The GV results show that the AD isotherm fits the measured values better, as shown by 
the significantly higher correlation coefficient (0.98) than compared with the correlation coefficient 
for the Langmuir equation (0.72). The AD isotherm suggests that the maximum sodium adsorption 
is at 1.54g/kg, with a Langmuir coefficient of 0.0017L/kg. The AD isotherm fits significantly better 
than the Langmuir, thus providing evidence that a multilayer adsorption may be occurring.  
 77 
Chapter 5:  Soil Leaching with Sodic Solution 
 
 
Aranovich Donohue r2 Langmuir r2  Aranovich Donohue r2 Langmuir r2 
qmax 5.54 
0.97 
qmax 8.832 
0.90 
 qmax 1.54 
0.98 
qmax 80.44 
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n 0.08     n 0.68    
 
 
 
 
 
 
 
 
 
Aranovich Donohue r2 Langmuir r2 
qmax 1.15 0.42 qmax 9.27 -0.03 
KL 0.000044 KL 6.46 e-06 
n 0    
 
 
In contrast, the BC exhibits poor correlation between the sodium loading (concentration 
of sodium adsorbed onto soil) and equilibrium concentration, as both AD and Langmuir isotherms 
result in a poor R-squared value of 0.42 and -0.03 respectively. This result suggests that little to no 
adsorption is occurring and the graph shows both adsorption and desorption, indicated by the 
scattered measured values.  
Out of the soils found on East Theten, it has been observed that the Vertosols are able to 
adsorb sodium ions, which can be found in irrigation water such as treated and untreated CSG 
water. From the AD isotherm analysis, it was found that the BV has maximum loading (qmax) of 
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sodium ions at 5.54g/kg with an adsorption intensity of 0.00024L/kg, whereas the GV at 1.54g/kg 
and 0.0017L/kg respectively.  
Figure 5-4 shows the sodium adsorption of the SS solution from the second batch test onto 
East Theten soils using both the Langmuir and AD isotherms. Like the first batch test, two different 
fits are shown. Visually observing Figure 5-4, it can be seen that the Aranovich Donohue (AD) 
isotherm has a better fit compared to the Langmuir isotherm; and as further confirmation, the AD 
has a higher R-squared value compared to the Langmuir isotherm. 
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The Langmuir equation was firstly applied to the sorption data, and like the first batch test, 
only the BV fits this isotherm equation, with a high correlation coefficient. When the AD equation 
was applied to the sorption data, the isotherm curve from this equation fits better compared to the 
Langmuir isotherm. With this said, only the Vertosols show correlation between the sodium 
loading and equilibrium concentration, indicating that there is no adsorption occurring on the BC 
soils. This further confirms the results from the first batch test.  
Though the Langmuir and AD fit had resulted in a high correlation value, the AD had a 
slightly higher correlation coefficient. If the Langmuir isotherm was used to explain the BV 
sorption data, it would assume that no multi-layer adsorption is occurring, and the soil would have 
a maximum sodium loading of 10g/kg and a Langmuir coefficient of 0.0002L/mg. However, as 
the AD has a higher correlation coefficient value and to keep the analysis uniform, the results 
generated by the AD isotherm will be used.  
From the AD isotherm equation results of the second batch test, it was found that both the 
Vertosols are able to adsorb sodium, with the BV soil having a maximum sodium loading of 
1.09g/kg and an adsorption intensity of 0.004L/mg and 1.43g/kg and 0.0026L/mg for GV 
respectively. It is noted that the second batch test had a lower range of sodium concentrations for 
the SS solution used in the leaching process, and thus the results here differ from the first batch 
test. 
 In order to see if the second batch test results fit within the larger range of results from the 
first batch test, the results were combined, and can be seen in Figure 5-5. It can be seen that the 
results from the second batch test are clustered in the beginning of the isotherm curves. After 
combining the results, it can be visually observed that the sorption data from the second batch test 
fits with the first batch test data. Combined, the results from the isotherm analysis can be more 
significant, as more SS solution concentrations are used, and it can further validate the results from 
the first batch test. 
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Table 5-1 summarises the data obtained from fitting a Langmuir and AD equation onto 
the combined sorption data. It was found that the maximum sodium loading and adsorption 
intensity of the first and second batch test differ. Looking at the AD adsorption isotherm data, the 
second batch test generates a lower maximum sodium loading, but higher adsorption intensity (as 
indicated by the Langmuir coefficient). This can be explained by the lower range of sodium 
concentration of the second batch test. Looking at the Langmuir isotherm data, the maximum 
sodium loading did not differ greatly between the two the batch data; however, the second batch 
test resulted in higher adsorption intensity. When the data was combined, it was found that the 
sorption data had not significantly changed from the first batch test results, which further proves 
the validity of the results from first batch test.  
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Table 5-1 Summary of the combined adsorption isotherm results of the AD fit and Langmuir fit 
  1st Batch test 2nd Batch test Combined data 
BV GV BC BV GV BC BV GV BC 
AD 
qmax (g/kg) 5.54 1.54 1.15 1.09 1.43 0.22 4.67 1.54 1.15 
KL (L/mg) 0.0002 0.0017 4.4e-05 0.004 0.003 0.012 0.0005 0.0022 0.0003 
n  0.08 0.68 0 11.5 0.09 0 0.10 0.68 0.00 
r2  0.97 0.98 0.42 0.96 0.82 -0.19 0.91 0.86 -0.74 
Langmuir 
qmax (g/kg) 8.83 80.44 9.27 10.02 80.44 10.64 6.649 80.44 10.74 
KL (L/mg) 9.3e-05 5.7e-06 6.46e-06 0.0002 1.06e-05 8.6e-06 0.0002 5.7e-06 5.5 e-06 
r2  0.90 0.72 -0.03 0.94 0.28 -0.98 0.89 0.72 0.20 
 
From Figure 5-5 and Table 5-1, it was found that the AD isotherm generates a better fit 
(higher R-squared value) for East Theten soils compared to the Langmuir isotherm. From the 
combined sorption data, it was found that the BV has maximum sodium loading of 4.6g/kg with 
an adsorption intensity of 0.0005L/mg, and the GV has maximum sodium loading of 1.54g/kg and 
adsorption intensity of 0.002L/mg. Meanwhile the BC was found to have poor correlation between 
the sodium loading onto the soil and equilibrium concentration, which leads to the conclusion that 
the BC has significantly poor sodium sorption potential. 
As described in the literature review, the AD isotherm here is an extension of the Langmuir 
isotherm, to explain a multilayer adsorption. From the results shown in Figure 5-3, Figure 5-4 and 
Figure 5-5 with the AD fit, it is shown that multilayer adsorption is potentially occurring within 
the Vertosols. Further study with a larger range of concentration would be needed to confirm this. 
 FLOW THROUGH EXPERIMENT USING TRIAXIAL CELL 
 Soil samples from the A horizon of each of the three soil types were used to conduct a 
flow-through/soil-column experiment, using a triaxial cell as explained in Chapter 3. The leachate 
was collected every 2 hours, if there was sufficient volume of leachate (i.e. 5ml, as that is the 
minimum volume for an ICP analysis). Figure 5-6, shows that as the cumulative volume of the 
leachate increases, the sodium in the leachate also increases. This indicates that in the beginning, 
more sodium is being adsorbed onto the soils, thus less sodium ions are percolated through to the 
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leachate from the columns. However, as more sodium is being adsorbed onto the soils, the capacity 
of the sodium adsorption decreases. This results in less sodium being adsorbed over time. The 
difference of the original concentration and the BC, GV, BV line (gap shown by the blue arrow), 
represents the amount of sodium adsorbed onto the soils. 
 
 
Figure 5-6 Breakthrough curve showing sodium concentration in leachate samples collected after 
irrigating soil column samples 
 
Ideally, as the concentration of the sodium in the leachate comes closer to the original 
concentration of the SS solution, it plateaus, indicating a maximum adsorption capacity and 
assumed to have reached equilibrium. However, due to limitations surrounding the time and type 
of soil, not many samples was taken for the Vertosols (BV in particular). Due to this limitation 
(discussed in section 3.5), the Vertosols results are unsatisfactory and cannot be used to draw any 
conclusive findings. Furthermore, in figure 5-6, during the leaching of the BC, it is noted that the 
experiment was stopped 4 times during the course of the leaching. This limitation is similar to that 
found in a study by Millar, Couperthwaite, and Alyuz (2016), and will be discussed in section 5.3) 
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Figure 5-7 Breakthrough curves for potassium (K+), magnesium (Mg+) and calcium (Ca+) on East 
Theten soils in samples collected after irrigating soil column sample with SS solution 
 
In order to show that sodium adsorption is occurring, graphs showing the difference in 
calcium, magnesium and potassium concentration before and after going through the soil are 
shown in Figure 5-7. This is shown as adsorption processes are also exchange processes 
(Essington, 2004). From Figure 5-7, it can be seen that as more leachate comes out of the soil 
(cumulative volume), the concentration of calcium and magnesium increases in concentration, as 
compared to the original concentration. Thought it is hard to conclude that this holds true to all 
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three soils, it is visibly seen for the BC, which signifies a cation exchange process is occurring as 
sodium is being adsorbed onto the soil (as shown in Figure 5-6); the calcium and magnesium is 
being pushed out of the soils, thus the higher concentration of calcium and magnesium in the 
leachate. It can also be seen that the magnesium concentrations increases relative to calcium 
concentrations. This is because calcium and magnesium both have opposite effect on sodium. 
Calcium and magnesium competes for the exchange sites occupied by sodium; thus, when sodium 
concentrations in the soil increase, both calcium and magnesium ions will be pushed out of the soil, 
and into the leachate. This results in the increase of both calcium and magnesium in the leachate 
samples. 
It can be seen from Figure 5-7 that there is also an increase in potassium concentration in 
the leachate after it had gone through the soil. This is also expected as part of ion exchange process. 
As there is more sodium being adsorbed onto the soil, the weak cations are most likely to be leached 
(Shodhganga, 2015). However, it is only observed in the Vertosols. With the available data, it is 
observed that a sharp increase in the beginning was seen in the GV, which quickly dropped and 
remained stable at around 0.15meq/L. This suggests that equilibrium may have been reached. Due 
to the limited amount of leachate leached out of the BV, the result for this soil should be treated 
with caution. As for the BC, it can be seen that adsorption of potassium can be observed. The 
potassium concentration of the leachate after it had gone through the soil had decreased from the 
original concentration, and remained below the original concentration throughout the observed 
irrigation period. The sharp decrease in the beginning, which slowly increases in concentration and 
remains stable around 0.075, indicates that it is reaching or has reached equilibrium. This may be 
due to the low potassium exchangeability rate for the BC as found in Chapter 4, Table 4-4. 
The BC had the most leachate sample collected (20); whereas the GV and BV only had 
10 and 6 leachate samples collected respectively. This may be the reason as to why the BC had 
resulted in better adsorption performance, as not enough samples were collected to truly model the 
adsorption of sodium onto the GV, and BV especially. The GV had adequate data to draw some 
conclusions; however, the conclusions regarding the BV would have to be used with caution due 
to the inadequate data collected.   
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 LIMITATIONS 
 During the irrigation of the BC, it was noted that the sodium concentrations (Figure 5-6) 
in the leachate decreased in some parts. This had occurred because the flow of water was stopped 
overnight, thus a flow interruption occurred. The decrease of sodium concentration after each 
interruption suggests that intraparticle diffusion had occurred and was a limiting factor in the 
exchange process. This interruption and its effect on the sodium ion removal rate has been observed 
by Huang and Natrajan (2006) and (Millar et al., 2016). Therefore, it is noted that stopping the 
flow should not have been carried out as it interrupts the ion exchange process and can lead to 
distortion of the results.  
 SUMMARY AND CONCLUSION 
In this study, it was found that observing and measuring sodium adsorption using a flow-
through method can be tedious, especially when using a triaxial cell. As there were a few 
limitations that affected the results of the flow-through experiment, some improvements can be 
made in the future, such as trying a different or traditional column method using a glass or PVC 
pipe instead of a modified triaxial set up, allocating generous time for the experiment and making 
sure more than one soil sample is ready for use, for back up. With this said, the flow-through 
experiment can be used as to show the ion exchange process occurring on the soils when the soils 
are being irrigated or leached with the SS solution or synthetic CSG water.  
Out of the soils found on East Theten, it has been observed that the Vertosols are able to 
adsorb sodium ions, which can be found in irrigation water such as treated and untreated CSG 
water. From the AD isotherm analysis, it was found that the black Vertosol has maximum loading 
of sodium ions at 4.67g/kg with an adsorption intensity of 0.0005L/kg, whereas the grey Vertosol 
at 1.54g/kg and 0.0022L/kg respectively. Compared to the Vertosols, the brown Chromosol 
isotherms showed little to no correlation between the sodium loading and equilibrium 
concentration indicating that the brown Chromosol is not good at adsorbing sodium. The difference 
of the Vertosols and BC’s ability to adsorb sodium can be both visually observed and quantitatively 
observed.  From these results alone, it can be concluded that the brown Chromosol would have 
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less or no problems if it were to be irrigated with SS water/synthetic CSG solution, as it shows no 
potential in adsorbing sodium which can cause dispersion and water logging in soils and plants 
water uptake. This may be due to the BC’s low clay content and low CEC, which was found in 
Chapter 4. The Vertosols however, have moderate to high CEC values, which explains the soils 
ability to adsorb sodium. 
The Aranovich Donohue isotherm fits the sorption data best, thus suggesting that a 
multilayer adsorption is occurring within the soils; however further study would be needed to verify 
this. In addition, as described in Chapter 2, adsorption isotherm cannot be used to infer any 
particular adsorption mechanism, as this mechanism is a microscopic characteristic. 
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6Chapter 6:  Salinity and sodicity effects 
on soil post-irrigation 
This chapter focuses on and discusses the changes in East Theten soil sodicity, salinity and 
hydraulic conductivity after it has been irrigated with the synthetic CSG water (SS solution) of the 
East Theten soil. The soils used to observe the changes of these parameters were soils used in the 
flow-through experiment using the triaxial cell (refer to section 5.2 Flow through experiment using 
triaxial cell). The sodicity and salinity was measured by ESP and EC respectively, with the addition 
of leaching fraction to further investigate the salinity assessment. ESP and SAR were calculated 
using the exchangeable cations present in the soils using methods described in Table 3-2. The 
hydraulic conductivity was measured using the triaxial cell after each soil was irrigated with the 
SS solution, except for the BV. The exchangeable cations in the GV and the BC reflect the true 
exchangeable cations after irrigation, as it had been leached with tap water in order to measure the 
hydraulic conductivity (refer to section 3.4.6, Figure 3-6). This is because, in the field, in addition 
to irrigation, the soils would also have been subjected to rainfall. Measurement of hydraulic 
conductivity for the BV was completed with a different approach, due to time constraints. This will 
be further discussed in section 6.3.3. Further in this chapter, a salinity hazard assessment is 
conducted in order to predict the consequences of irrigation with saline-sodic war.  
6.1 CHANGES IN SOIL SODICITY AND SALINITY 
In order to detect the changes in the sodicity and salinity of the soil, the ESP and EC of the 
three soils were measured. Methods used were those outlined in section 3.1. The leaching fraction 
of the soils were also calculated to further investigate the salinity changes prior to and after 
irrigation with the SS solution, with the addition of the root zone salinity to identify plant growth 
restrictions in response to salinity and sodicity levels in the irrigation water. 
6.1.1 Sodicity of soil after irrigation 
The change in sodicity (ESP) of East Theten soils after irrigation with SS solution is shown 
in Figure 6-1. Relating this to Northcote and Skene’s (1972) sodicity criteria presented in section 
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2.3.2.1, Table 2-4, it was found that the BC had become strongly sodic, whereas the GV and BV 
became sodic (ESP >6). It needs to be reminded that the GV and BC had been flushed with tap 
water in order to measure hydraulic conductivity, whereas the BV was not. With this said, it can 
be indicated that the changes in sodicity for the BC and GV represent what would occur in the field 
for these particular soil group (in real life situation, the soil would have been subjected to irrigation 
and rainfall); whereas the changes in sodicity that occurred in the BV represent worst case scenario 
for the respective soil.  
 
Figure 6-1 Difference in ESP (%) before and after irrigation with saline-sodic solution     
 
This increase in sodicity was expected, as the SAR (~101) and EC (~12mS/cm) of the 
irrigation water is considered to be very sodic and extremely saline.  In addition, the changes in 
sodicity can be related back to clay content and clay mineralogy. As found in Chapter 4 both GV 
and BV have clay contents of >40% and a mixture of clay minerals with a higher proportion of 
smectite for both soils, and it is known that sodium attaches to clays; thus this indicates that the 
Vertosols were expected to increase in sodicity. The brown Chromosol, however, was found to 
have a low clay content, which indicated that the soil would not have as much capacity to adsorb 
sodium. However, it was found that the OM content for the BC was higher than the Vertosols, at 
2.8% (refer to Chapter 4, section 4.2.1.5), which can aid the adsorption of sodium and explain the 
sharp increase in sodicity of the BC. 
As the three soils were found to be sodic, it is expected that there may be structural 
damage to the soils. The Salinity Management Handbook (DERM, 2011)stated that soils of 
30-50% clay with mixed mineralogy are most sensitive to ESP. Furthermore, as explained in 
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Chapter 2, soils with a shrink-swell capability like the Vertosols are prone to swelling when 
wet and shrinking when dry. From these observations, it can be deduced that the Vertosols 
structural property will be highly affected by the irrigation with the SS solution. With the 
addition of high sodium concentrations of the irrigation water, the Vertosols can swell 
excessively and cause the soil particles to disperse, causing structural collapse and minimising 
soil pore space. Unlike the Vertosols, though the sodicity of the BC had significantly increased, 
the change in structural damage of the BC’s A horizon should not be as significant as the 
Vertosols. This is because the BC’s A horizon has a low clay content and low shrink-swell 
capability. With this said, the BC is a duplex soil with the B horizon of the BC being borderline 
sodic. If the A horizon of the BC increased in sodicity significantly, the B horizon will most 
likely become sodic and pose a potential problem as the BC has a high leaching fraction 
(explained later in section 6.1.3), which means some of the irrigation water will be leached 
down the soil profile. As the B horizon has high clay content (refer to   
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Table 4-3) the clay minerals are able to sorb some of the sodium present in the irrigation 
water. If the B horizon becomes sodic, being a clayey soil, the B horizon of the BC may 
become structurally unstable and decrease in permeability. Thus, irrigating the BC with saline-
sodic water may pose a problem over time in the B horizon, keeping in mind that some root 
activity also occurs in the B horizon. 
6.1.2 Salinity of soils after irrigation  
Figure 6-2, shows the changes in salinity of the soil before and after irrigation. It shows 
that the salinity (measured from EC) of the BV and BC has increased, while the GV has slightly 
decreased. While both BC and BV increased in salinity, the BV in particular has significantly 
increased in salinity. Looking back at the soil salinity rating (Table 4-5) after irrigation with the SS 
solution, the BV soil has a medium salinity rating, with a ‘moderately tolerant’ plant salt tolerance. 
The GV and BC has very low and low salinity rating respectively. This means that the GV and BC 
may be able to tolerate sensitive and moderately sensitive plant groups.  
 
Figure 6-2 Difference in EC before and after irrigation 
 
 In the literature review (section 2.3.2), it was explained that salinity can be beneficial to 
the soil. While an increase in sodicity causes dispersion and a decrease in hydraulic conductivity, 
an increase in salinity can make the soils remain flocculated and thus maintain permeability (Oster 
& Schroer, 1979). This can also be seen in Figure 6-1 and Figure 6-2, where it is shown that when 
the change in salinity increases, the change in sodicity of the soil decreases. The BV significantly 
has the greatest increase in salinity, which caused a smaller change in sodicity. When the changes 
of salinity and sodicity are combined, they have different impacts on soil, depending on the salinity 
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and sodicity of the soil itself. The effects of salinity and sodicity on plant growth and structural 
stability were presented in Table 2-3, Section 2.3.2. Table 6-1 relates the findings of the East Theten 
soil salinity and sodicity changes after irrigation with SS solution to Table 2-3. 
Table 6-1 Salinity and sodicity class of East Theten soils post irrigation  
Soil Salinity and sodicity 
class 
Plant growth Soil structure stability 
Black Vertosol (A) Saline, sodic Salt accumulation 
accelerates as 
sodicity increases 
Structure deteriorates under 
cultivation. Crusting and 
hard-setting occur. These 
adverse effects increase as the 
level of soil sodicity increases 
Grey Vertosol (A) Non-saline, sodic No direct effect on 
plant growth 
Structure deteriorates under 
irrigation or rainfall, 
becoming extreme under 
cultivation 
Brown Chromosol 
(A) 
Non-saline, very sodic Indirect effect arise 
from poor soil 
structure 
The changes of salinity for the BC and GV soils are not significant as they are not 
categorised as saline; whereas the salinity of the BV has changed from non-saline to moderately 
saline. This change can negatively affect plants because plants respond to salinity in the root zone, 
which is most commonly found in the A horizon. From Table 6-1, it was found that the BV is a 
saline-sodic soil; therefore, if the sodicity increases, salt accumulation will accelerate and affect 
plant growth. Crusting and hard-setting will also occur, and these adverse effects can increase if 
the sodicity of the soil increases. Moreover, the BV should be carefully managed and cultivated 
hence soil deterioration can be minimised.  
The GV was found to be non-saline, but sodic. This change has no effect on plant growth; 
however, due to its sodicity, the structure can deteriorate under irrigation and/or rainfall, and 
become severely deteriorated if cultivated. The BC was found to be non-saline, but very sodic. 
This change can have an indirect effect from poor soil structure caused by the sodicity of the soil. 
Like the BV, the soil structure can deteriorate under irrigation and/or rainfall, and can become 
severely deteriorated if not cultivated and managed with care, thus cultivation for BV and GV 
should be closely managed. 
The findings from Table 6-1, however, are generalised and cannot be applied on all plants. 
To further investigate the impacts of the changes in soil salinity, a salinity hazard assessment was 
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then conducted to measure the leaching fraction and average root zone salinity. The salinity hazard 
assessment is further discussed in section 6.1.3. 
6.1.3    Salinity hazard assessment  
The salinity hazard assessment of the three East Theten soils was conducted to predict the 
leaching fraction needed for irrigation, as well as percentage or potential crop yield. Since this 
method is based on calculations given in the ANZECC guidelines (2000), this assessment is 
hypothetical, and only holds true if the irrigation water composition is identical to that used in this 
study. The extent and effect of irrigation water salinity on the soils are dependent on a range of 
factors including irrigation water quality, soil property, rainfall, leaching fraction, and plant salt 
tolerance. These are all interconnected to determine the soil root zone salinity in the soil profile 
and plant response, from which a sustainable irrigation management strategy can be developed. 
Leaching fraction (LF) is the proportion of water (irrigation and rainfall) that drains below the root 
zone in the soil profile (ANZECC, 2000). The measurement of the LF is particularly important as 
it can determine the likely impact of land use change on the amount of water moving below the 
root zone to the groundwater system. The LF under irrigation with the SS solution was also 
calculated to estimate the new average root zone salinity and the relative plant yield. The 
concentration of the SS solution used to calculate the new leaching fractions are that from the 
second batch test. The ANZECC guidelines (2000) explained that the methods are based on 
empirical relationships between readily measured soil properties and soil leaching – which is 
adjusted for changes resulting from irrigation water salinity and sodicity. A steady-state mass 
balance approach is assumed, and thus rainfall data is incorporated to the equation, for its effect on 
water composition and soil leaching behaviour from which equilibrium soil salinity and sodicity 
values are estimated. Table 6-2 summarises the predicted leaching fractions and root zone salinity 
with and without ESP corrections. Appendix 8 details the leaching fractions and the root zone 
salinity prior to the irrigation with SS solution, after irrigation with SS water.  
The predictions of the leaching fraction (LFav) and salinity (ECse) of the root zone with 
ESP correction shows that the LFav significantly decreases while the ECse increases. This is due to 
the continuous saline-sodic water movement down the soil profile. Theoretically, when the soil is 
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irrigated with saline-sodic water high in SAR, the ESP (sodicity) of the soil would most likely 
increase due to the adsorption of sodium. As shown in Table 6-2, the calculations without ESP 
correction accounts for the original ESP of the soil only and not the SAR of the irrigation water; 
thus, the LFav is higher, which means less salt accumulated on the root zone, resulting in a lower 
ECse. 
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Table 6-2 Summary of the predicted leaching fraction and root zone salinity after leached by a variety of saline-sodic solution concentrations and predicted crop yield 
Na Concentration of 
irrigation water (ppm) Soil 
Without ESP corrections With ESP correction 
ESP 
(%) LFr LFav 
ECi 
(dS/m) 
ECSE 
(dS/m) 
 ESP 
(%) LFr LFav 
ECi 
(dS/m) 
ECSE 
(dS/m) 
Crop yield examples 
 Barley Corn 
2400 
BV A 2.79 1.6% 87.8% 
11.7 
6.10  
59.7 
0.1% 15.4% 
11.7 
34.7 0% 0% 
GV A <0.2 27.7% 99.9% 5.36  0.1% 15.4% 34.7 0% 0% 
BC A 7.69 2.3% 99.9% 5.36  0.7% 53.7% 10.0 90% 0% 
1200 
BV A 2.79 1.6% 71.6% 
6.12 
3.89  
48.8 
0.1% 14.8% 
6.12 
18.8 47% 0% 
GV A <0.2 27.7% 99.9% 2.79  0.1% 14.8% 18.8 47% 0% 
BC A 7.69 2.3% 90.9% 3.06  0.8% 47.3% 5.9 100% 50% 
600 
BV A 2.79 1.6% 57.9% 
3.11 
2.44  
40.8 
0.1% 14.1% 
3.11 
10.0 90% 0% 
GV A <0.2 27.7% 99.9% 1.42  0.1% 14.1% 10.0 90% 0% 
BC A 7.69 2.3% 73.4% 1.93  0.9% 41.0% 3.4 100% 78% 
300 
BV A 2.79 1.6% 47.5% 
1.64 
1.57  
31.9 
0.1% 13.8% 
1.64 
5.4 100% 55% 
GV A <0.2 27.7% 99.9% 0.75  0.1% 13.8% 5.4 100% 55% 
BC A 7.69 2.3% 59.8% 1.25  1.0% 36.8% 2.0 100% 96% 
150 
BV A 2.79 1.6% 38.3% 
0.82 
0.97  
22.9 
0.2% 13.7% 
0.82 
2.7 100% 88% 
GV A <0.2 27.7% 99.9% 0.37  0.2% 13.7% 2.7 100% 88% 
BC A 7.69 2.3% 47.9% 0.78  1.2% 33.3% 1.1 100% 100% 
75 
BV A 2.79 1.6% 31.1% 
0.42 
0.61  
15.2 
0.2% 14.0% 
0.42 
1.4 100% 100% 
GV A <0.2 27.7% 99.9% 0.19  0.2% 14.0% 1.4 100% 100% 
BC A 7.69 2.3% 38.6% 0.49  1.6% 30.9% 0.6 100% 100% 
 
*LFr: Leaching fraction under rain-fed conditions, LFav: Leaching fraction of the average root zone under the new irrigation regime (with SS solution), ECi: Salinity of input 
water, which is 0%rain and 100% CSG water/SS solution, ECse: Predicted root zone salinity. Barley & corn are used as examples for crop yield percentages, with barley being 
a very tolerant plant and corn as a sensitive plant.  
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The measurements with ESP correction take the SAR of the SS water into account, changing 
the ESP of the soil. With a higher ESP, the soils have a lower predicted LFav; thus, there will be 
salt accumulation which causes the increase of ECse. The results of the leaching fractions discussed 
hereon will be from the calculations with ESP correction, as it takes into account the sodicity of 
the irrigation water and the soil. 
The leaching fraction of the Vertosols can be seen to increase roughly around 13-15% under 
the new irrigation regime, whereas the brown Chromosol has roughly 30-50% increase.  For the 
Vertosols, this means that 13-15% of the irrigation water is not taken up by plants and is leached 
downwards out of the root zone to the soil profile below. This means that it is possible for some of 
the irrigation water to be percolated through to shallow groundwater (East Theten lies on top of the 
Condamine alluvium, where groundwater levels are close to the surface) in all East Theten soils. 
With these leaching fractions, the salinity of the Vertosols root zone was found to be around three 
times greater than the irrigation water. This salinity is what mainly affects plants and crop yield. It 
can be seen in Table 6-2 as the sodium concentration and salinity of the irrigation water decreases, 
the salinity of the average root zone also decreases, which in return increases crop yield.   
For the brown Chromosol, it was found that the LF of the average root zone under the SS 
solution irrigation regime ranged between 31-54%. This indicates that 31-54% of the irrigation 
water is leached out of the root zone. In high sodium concentrations of SS solution concentrations 
(i.e. 2400ppm), more than half of the irrigation water is percolated out of the root zone, which 
means less than half of the water was used by the plants. At lower sodium concentrations of the SS 
solution concentrations, only 31-33% of the water is percolated out of the root zone. Thus, at higher 
concentrations of sodium, the BC was already found to have good crop yield for non-sensitive 
crops. This can happen only if the average root zone salinity is maintained. For example, when the 
BC is irrigated with SS solution of 2400ppm, Barley has a 90% crop yield. In order to achieve 
and/or maintain this yield a salinity of 10dS/m for the root zone would have to be met. In order for 
this salinity to be maintained, the BC would have to be irrigated with 53.7% more water (SS 
solution), as most of the water is leached out of the root zone.  
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From Table 6-2, it can be seen that soils irrigated with SS solutions above 600ppm have a 
relatively poor yield. Barley, being a tolerant crop still has a poor yield with concentrations above 
600ppm, with the exception of the Chromosol soil. The yield for barley after irrigation with SS 
solution of 600ppm or lower can be seen to increase significantly for all three soils, which means 
at these concentrations, very tolerant crops will have a good or excellent yield.  As for corn, the 
sensitive crop, it can be seen that there is no yield at higher concentrations of SS solution. There is 
yield for the BC when irrigated with 1200ppm & 600ppm SS solution; however none for the 
Vertosols. When irrigated with 300 ppm SS solution, the Vertosols show some yield for corn, with 
better yield when irrigated with SS solutions of 150 ppm or lower concentration.  
In the General Beneficial Use Approval (GBUA) –irrigation of associated water 
(including coal seam gas water) (DEHP, 2014), it is stated that there can be variations to standard 
water quality conditions. The GBUA states that associated water has to meet a SAR≤6 for heavy 
soils, SAR≤12 for light soils and EC <950µs/cm (0.95mS/cm). However, if the producer of the 
water can ensure that a varied water quality parameter (other than stated in the GBUA) can: i) 
maintain or improve soil structure, stability and productive capacity; ii) cause no toxic effects to 
crops; and iii)  maintain or improve yields and produce quality; the producer is able to use their 
own water quality standards. 
Here, it was found that irrigating all three soils with SS solution of 600 ppm (SAR ~50, 
EC ~3mS/cm) and below would respond to a good yield for very tolerant crops; and for sensitive 
crops, good yield can only be seen when the soils are irrigated with SS solution of 150ppm (SAR 
~34.5, EC~1.64mS/cm) and below. In addition to these concentrations, to maintain a desired 
salinity (EC) in the root zone and to maintain crop yield, the Vertosols would have to receive 
around 14% more water application than the crop needs, and for the BC, it would need 30-41% 
more water. This is so the salts accumulated in the root zone can be leached out, thus maintaining 
or improving crop yield.  
The Chromosols have better crop yield than the Vertosols, even at high SS solution 
concentrations. However it has a significantly higher LF which means irrigation would need to be 
closely managed.  
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 HYDRAULIC CONDUCTIVITY 
The hydraulic conductivity was measured in the triaxial cell straight after irrigation with 
the saline-sodic solution was completed. Figure 6-3, shows the difference detected in hydraulic 
conductivity before and after irrigation with saline-sodic solution on all three soils. Due to the time 
consumed during the BV testing in the triaxial cell, an estimation of the hydraulic conductivity was 
measured using the times of the leachate collection and amount of leachate collected. This 
hydraulic conductivity is a very rough estimation, as it does not specify the time up to hours or 
minute, rather days. From Figure 6-3, it can be seen that the hydraulic conductivity of all soils 
measured had decreased (41% for Vertosols and 76% for BC) after irrigation with SS solution. 
 
Figure 6-3 The difference in hydraulic conductivity (m/s) before and after irrigation 
 
After irrigating the soils with the saline sodic water, under controlled conditions, the 
hydraulic conductivity of the Chromosol decreased from 1.27 × 10−9 to 3.07 × 10−10m/s and 
the Grey Vertosol decreased from 3.85 × 10−9 to 2.28 × 10−9m/s and Black Vertosol decreased 
from 5.82 × 10−11 to roughly  3.42 × 10−11m/s. It is evident from the results that the application 
of the SS solution had caused dispersion and/or swelling in the soils, indicated by the decrease in 
hydraulic conductivity. 
This decrease in hydraulic conductivity was expected, especially for the Vertosols. From 
Chapter 4, it was discussed that due to the clay content and minerals present, especially in the 
Vertosols, swelling and/or dispersion may occur, whereas the Chromosol was theorised to be 
potentially dispersive.  Furthermore the Vertosols were found to have high CEC, which suggests 
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that the Vertosols have good adsorption ability and have a high shrink-swell capability. Shrink-
swell soils can be problematic when irrigated or leached with a saline-sodic solution, as the soil 
will swell, minimising pore space for waterflow and sodicity can cause dispersion which also 
minimises pore space (Hazelton & Murphy, 2007). This can all lead to a decrease in permeability. 
However, shrink-swell soils can undergo restructuring when they shrink and swell, thus these 
problems might not persist for long in the Vertosols, given that they are not constantly irrigated 
(NSW Agriculture, 1998). The BC, however, was found to have low clay content and low CEC 
content, which suggest that it has poor adsorption abilities and poor-shrink-swell capability. With 
this said, the BC has a higher OM content than the Vertosols, which may aid adsorption.  
In Chapter 5, by quantitatively measuring the soils adsorption abilities using adsorption 
isotherms, it was found that the Vertosols possess better sodium adsorption abilities compared to 
the BC. Three adsorption isotherms were used to see which isotherm had a better correlation value 
with the measured values, and from all three approaches, the Vertosols show sodium adsorption 
abilities, whereas the BC show significantly poor or no correlation between the measured values 
and sodium adsorption. This confirms the findings from Chapter 4.  
In this chapter, it was found that due to the Vertosols sodium adsorption capabilities, the 
Vertosols had become sodic. The BV becomes saline-sodic, whereas GV is non-saline but sodic. 
This finding can explain why the BV had a lower hydraulic conductivity change than the GV. 
Thus, salinity can improve soil structure and make the soil flocculate. The soil structure of the BV 
is assumed to be better than the GV which is a sodic soil, and the BV soil did not swell and/or 
disperse as much as the GV. Despite the low CEC and clay content and the sodium adsorption 
isotherm measurements, the BC was found to also have some sodium adsorption abilities as the 
BC was found to be sodic. This may be due to the higher presence of OM in the BC. In Chapter 4, 
the Chromosol was shown to likely have structural problems when irrigated with a SAR higher 
than 21 and EC higher than 1 dS/m. The SS solution used to irrigate the BC had a SAR of roughly 
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101 and EC of roughly 12mS/cm‡‡. This was confirmed by the decrease of the hydraulic 
conductivity.  
 SUMMARY AND CONCLUSION 
A limitation regarding the calculation of hydraulic conductivity of the BV post-irrigation 
and its leachate samples was explained in section 3.5. The results for the BV were analysed and 
discussed, taking into account that the hydraulic conductivity was measured differently, and that 
the BV had not been flushed with tap water after the irrigation with SS water.  The application of 
the saline sodic solution to the three soils was found to have a significant impact on the soils 
salinity, sodicity and hydraulic conductivity. All three soils increased in sodicity significantly while 
the BV and BC also increased in salinity.  
The leaching fraction of all three soils was measured to estimate the root zone salinity and 
consequent effects on plant production. It is recommended that if the soils were to be irrigated with 
SS water, the Vertosols would be irrigated with SS water with a concentration of 300ppm or lowers 
to receive good yield. The Chromosols on the other hand are far more tolerant, and can withstand 
irrigation with SS water with a concentration of up to 1200 ppm (though it is recommended to use 
one with at least 600ppm for a yield of >75%). However, when irrigating the BC with a SS solution 
that has a higher concentration of sodium, the irrigation would have to be closely managed as it 
has a high leaching fraction. 
It is concluded that the application of SS solution onto the soil by irrigation had an effect 
on the soil physico-chemical properties. As expected, the sodicity and salinity of the soils had 
increased, demonstrating sodium adsorption as shown in Chapter 5, which led to the dispersion 
and/or swelling of the soils resulting in a decreased hydraulic conductivity. 
  
                                                          
 
‡‡ 1dS/m=1mS/cm 
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 CONCLUSIONS 
Due to the high sodium content of CSG water, the reuse of associated water needs to be carefully 
managed. In Australia, under the Coal Seam Gas Water Management Policy (2012), it is 
recommended that CSG water is treated and used beneficially wherever feasible. As Queensland 
is the largest producer of CSG water, and water is a scarce resource, CSG water is sought to be 
used in the agricultural industry, especially for crop irrigation. Three soil types collected from East 
Theten, a farm outside of Dalby, Queensland, were leached with a saline-sodic solution with 
increasing sodium concentrations. This was carried out to replicate the high sodium content of 
CSG water and a lower sodium content of treated CSG water. In the short term, the effects of 
irrigation water would primarily affect the surface of the soils and the root zone, thus the leaching 
and irrigation of the soils have been conducted only on the A horizon of the soils. The aim of this 
research project was to describe and understand the sodium adsorption process in soil from East 
Theten by characterising the soil behaviour before and after leaching with a saline-sodic solution 
and measuring their sodium adsorption potential. This has been achieved by:  
x Identifying soils present at East Theten farm and determination of baseline 
characteristics of the soils 
x Quantitatively measuring sodium adsorption by using adsorption isotherms 
x Investigating of the effects of saline-sodic solution application onto soils by irrigating 
the soils in a flow-through experiment through: 
o Measuring changes in soil sodicity 
o Measuring changes in soil salinity and assessment of salinity hazards  
o Measuring changes in hydraulic conductivity  
The soils found on East Theten were black Vertosols, grey Vertosols and brown 
Chromosols. The sodium adsorption potentials of the three soils were quantitatively measured by 
using the best fit isotherm: the Aranovich-Donohue isotherm – an extended Langmuir equation to 
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explain multi-layer adsorption. It was found that the BV has the highest potential in adsorbing 
sodium, as it has the highest maximum sodium loading of 4.67g/kg compared to the 1.54g/kg of 
the GV. The GV has the highest adsorption intensity (KL value). The BC was found to have little 
adsorption potential as the isotherms show poor correlation to the measured values. The 
investigation on the effects of highly saline-sodic water (SAR ~101, EC ~12mS/cm) onto East 
Theten soils found that: 
x The black Vertosol became saline and sodic, which can negatively affect crop yield 
and deteriorate soil structure. The grey Vertosol and brown Chromosol became sodic 
and very sodic respectively, which may affect plant growth and cause soil structural 
deterioration. Soil structural deterioration was confirmed as the hydraulic conductivity 
of all three soils decreased. 
x From the salinity hazard assessment, soils from East Theten would have to be irrigated 
with treated CSG water, if CSG water will be used for irrigation of crops.  
o If East Theten was to be irrigated by CSG water, it is recommended that the CSG 
water have a SAR of <50 and EC <3mS/cm for growing tolerant crops such as 
barley and cotton, and a SAR of <34.5 and EC of <1.64mS/cm for growing 
sensitive crops such as corn.  
o In order to maintain crop yield and avoid salt accumulation in the root zone the 
Vertosols is recommended to be irrigated with 14% more water and the brown 
Chromosols is recommended to be irrigated with 30-41% more water. However, it 
is noted that East Theten lies above the Condamine alluvium, which has a shallow 
groundwater system. Thus it is possible for some of the irrigation water to be 
percolated through the Condamine alluvium. 
From this study, it is clear that agricultural irrigation with untreated CSG water onto 
East Theten soils would not be recommended due to the high sodium content of these waters. 
It was shown that irrigating the soils with a high saline-sodic solution was found to have 
made the soils sodic, which in turn had decreased the soils hydraulic conductivity. In 
  
103 
Chapter 7: Conclusion  
addition, due to the salinity of CSG waters, maintaining crop yield is almost impossible. It is 
recommended that CSG water is amended before use, to avoid environmental impacts. 
Furthermore, it was found that the effects of saline-sodic waters are very soil specific, further 
confirming the need to study effects of CSG water on site-specific soils, rather than 
generalising it into one category. All three soils present in East Theten should be closely 
managed; however, the brown Chromosol would need closer irrigation management. 
The recommended SAR and EC values of CSG water for irrigation in this study are 
higher than the water quality parameter set by the GBUA  (DEHP, 2014). However, the 
approval allows variation in this parameter as long as it conforms with the approval’s 
‘Variation to standard water quality conditions’. The salinity hazard assessment showed that 
irrigation water with a SAR>12 is still possible without compromising crop yield. This 
finding will allow CSG water producers to have broader water quality parameters when 
irrigating specific soils with specific crops. These values are very soil and crop specific, and 
is based only on the salinity hazard assessment, thus it has to be used with caution.  
Detailed investigations allowed the conclusion that irrigation of agricultural land with 
treated CSG water can be a beneficial use of the CSG water. Careful management of irrigation 
application without compromising the health of the soil will also be needed. By conducting these 
studies, the effects of CSG water - especially its high sodium content - onto Australian soils and 
environment will be better understood. Furthermore, it can improve the beneficial use of CSG 
water in Australia. 
 RECOMMENDATIONS 
This study focuses solely on the effects of sodium from CSG water onto East Theten soils 
and was conducted over a short period of time. Further investigation on the irrigation of East Theten 
soils will be needed, which may include irrigating soil samples over a longer time period and 
quantifying the amount of water needed to cause soil sodicity and salinity with constant 
monitoring. This will provide knowledge on the effects of irrigating East Theten in a long term 
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period with high sodium waters. From this study, further research can be undertaken to better 
understand the processes of sodium sorption on soils. Recommendations of further study can be 
found below. 
x From the adsorption studies, it was suggested that a multi-layer adsorption may be 
occurring on the Vertosols. This will need to be confirmed by further studying the sorption 
mechanism, including surface precipitation. Sparks (2003) noted that there is a continuum 
between adsorption and surface precipitation. Furthermore, a larger range of concentration 
with more samples should be used. It is recommended to further study the sodium sorption 
on East Theten soils to gain a better understanding of the mechanism occurring at the soil 
mineral surface.  
x Mechanistic information cannot be derived from adsorption isotherms as they are non-
mechanistic (macroscopic) mass distribution characterisation. It is recommended that the 
kinetics of the soil chemical process be studied, as it can help determine how rapid the 
reactions attain equilibrium, can infer information on reaction mechanism and establish a 
rate law. By further investigating sorption of sodium through kinetics of soil chemical 
processes, the process of sodium sorption on soils will be improved and understood more 
clearly.   
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APPENDIX 
Appendix 1: Soil log sheets 
Appendix 2: Water compositions 
Appendix 3: Soil physico-chemical properties 
Appendix 4: Soil Threshold Electrolyte Curve (TEC) 
Appendix 5: ALS Particle Size Distribution (PSD) output 
Appendix 6: XRD graphs 
Appendix 7: Hydraulic conductivity calculations 
Appendix 8: Salinity hazard assessment tables 
Appendix 1: Soil Logs 
As this study was linked to a larger study conducted by Dr. Mauricio Taulis, the soils 
retrieved from the site consisted of more than 30; however for this specific study, only 8 
soil columns were used. Thus only these soil logs are presented. Below is an aerial 
photograph of the location of each soil column used. 
 
 
 
 

 
  
 
  
  
 
 
 
 
  
  
   
Appendix 2: Water compositions 
 
Table 1 Chemical properties of NaCl solution used for 1st batch test 
Molarity 
(moles/L) 
Measured Na concentration (ppm) 
SAR (meq/L) 
*Average MT1B3A MT2B2A MT3B1A 
0.0006 15 14.6 15.88 14.63 
0.00125 28 29.1 29.86 34.93 
0.0025 50 54.8 50.82 60.85 
0.005 116 112 115.4 111.19 
0.01 226 215 221.4 213.80 
0.05 1140 1217 1126 886.44 
0.1 2248 2436 2303 1585.81 
0.25 5331 5407 5533 1213.90 
0.5 11290 11950 11420 2788.77 
0.75 17239 17370 17170 3895.18 
1 22810 24580 22900 5530.29 
 
Table 2 Tap water chemical composition 
Ion Concentration (ppm) 
Ca 24 
Cu 0.03-0.1 
Fe 0.04 
K 3 
Mg 13 
Na 29-35 
S 8.5 
Si 5 
Sr 0.17 
  
  
Appendix 3: Soil physico-chemical 
properties 
 Black Vertosol Grey Vertosol Chromosol 
Horizon A B A B A B 
Bulk density (g/cm3) 1.31 - 1.306 - 1.44 - 
Soil particle density 
(g/cm3) 
2.50 - 2.60 - 2.57 - 
Porosity 0.476 - 0.498 - 0.44 - 
Moisture content (%) 32.58 25.72 19.9 22.02 7.14 23.31 
TOC 1.0 - 1.0 - 1.3 - 
 
 
 
  
  
Appendix 4: Soil Threshold 
Electrolyte Concentration (TEC) 
In Bennett and Raine’s (2012) findings, they had concluded that there are significant 
differences between TEC curves for soils, even if they are within the same order.  Soil 1 is a 
Grey Vertosol with a CEC of 21.4 meq/100g, soils 2 and 6 are Black Vertosols with a CEC of 
31.80 and 39.80 meq/100g respectively; and 4 and 5 are Brown Chromosol with a CEC 3.36 
and 6.25 meq/100g respectively. Soils 1, 5 and 6 were used in as a comparison and guide as 
they are the most similar in soil properties with the soils found and used in this project.  
 
 
Source: Bennett and Raine (2012) 
 
  
  
 
 
 
  
         
Appendix 5:  ALS Particle Size 
Distribution (PSD) output 
 
 
 
  
  
 
Appendix 6: XRD graphs  
XRD patterns of Black Vertosols 
 
XRD patterns of Grey Vertosols 
 
XRD patterns of Chromosol 
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Appendix 7: Hydraulic conductivity 
before calculations 
The hydraulic conductivity of the soils before and after irrigation was calculated with the 
equation 𝐾 =  𝑞
60𝐴𝑖
 m/s where: 
  A: Area of sample (mm2) 
  𝑖: Hydraulic gradient across sample 
  q: Rate of flow (ml/min) 
 
Since a triaxial cell was used to measure rate of flow and calculates hydraulic conductivity, 
the inlet pressure (P1) was controlled; however the outlet pressure (P2) was not and 
instead uses atmosphere pressure. Thus it is assumed that P2 is the standard atmosphere 
pressure at 101.325kPa. The equation above can then be modified. 
𝑖 =
102
𝐿
× ∆𝑃 
Thus,  𝐾 =  𝑞𝐿
60𝐴 ×102∆𝑃
 m/s,  
Where:  L: Length of sample (mm) 
 
The calculations of the hydraulic conductivities are divided into pre-irrigation and post-
irrigation. 
  
Pre-irrigation 
Black Vertosol 
 
Figure 1 Black Vertosol rate of flow -before 
 
q= 2.7 0.002131 ml/min 
  1267     
 
𝐾 =
0.002131 𝑚𝑙/ min  × 250 𝑚𝑚
(60 × 6647.61 𝑚𝑚2) × 102(325𝑘𝑃𝑎 − 101.325𝑘𝑃𝑎)
 
𝐾 =
0.53 
398856.6 × 22814.85
 
𝐾 = 5.824 × 10−11 𝑚/𝑠 
 
∴ The hydraulic conductivity of the black Vertosol before irrigation with highly saline-sodic 
solution is 5.82 x 10-11 m/s 
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Figure 2 Grey Vertosol rate of flow -before 
q= 208.1 10.405 ml/hr  0.173 ml/min 
  20       
 
𝐾 =
0.173 𝑚𝑙/ min  × 250 𝑚𝑚
(60 × 7389.91 𝑚𝑚2) × 102(350𝑘𝑃𝑎 − 101.325𝑘𝑃𝑎)
 
𝐾 =
43.25 
443388.6 × 25364.85
 
𝐾 = 3.85 × 10−9 𝑚/𝑠 
 
∴ The hydraulic conductivity of the black Vertosol before irrigation with highly saline-sodic 
solution is 3.85 x 10-9 m/s 
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Figure 3 Brown Chromosol rate of flow -before 
q= 320.5 4.11953728 ml/hr 0.06865895 ml/min 
  77.8         
 
𝐾 =
0.069 𝑚𝑙/ min  × 250 𝑚𝑚
(60 × 6361.73 𝑚𝑚2) × 102(450𝑘𝑃𝑎 − 101.325𝑘𝑃𝑎)
 
𝐾 =
17.25 
381703.8 × 35564.85
 
𝐾 = 1.27 × 10−9 𝑚/𝑠 
 
∴ The hydraulic conductivity of the black Vertosol before irrigation with highly saline-sodic 
solution is 1.27 x 10-9 m/s 
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Post-irrigation 
Black Vertosol 
Due to time restraint, the calculation of rate of flow for the BV was completed by using the 
cumulative volumes of leachate collected against time.  
 
q= 19.7 0.00124 ml/min 
  15840     
 
𝐾 =
0.00124 𝑚𝑙/ min  × 250 𝑚𝑚
(60 × 6647.61 𝑚𝑚2) × 102(325𝑘𝑃𝑎 − 101.325𝑘𝑃𝑎)
 
𝐾 =
0.31 
398856.6 × 22814.85
 
𝐾 = 3.42 ×  10−11 𝑚/𝑠 
 
∴ The hydraulic conductivity of the black Vertosol before irrigation with highly saline-sodic 
solution is 3.42 x 10-11 m/s 
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q= 104.7 0.102647 ml/min 
  1020     
 
𝐾 =
0.103 𝑚𝑙/ min  × 250 𝑚𝑚
(60 × 7389.81 𝑚𝑚2) × 102(350𝑘𝑃𝑎 − 101.325𝑘𝑃𝑎)
 
𝐾 =
25.66
443388.6 × 25364.85
 
𝐾 = 2.28 × 10−9 𝑚/𝑠 
 
∴ The hydraulic conductivity of the black Vertosol before irrigation with highly saline-sodic 
solution is 2.28 x 10-9 m/s 
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q= 20 1 ml/hr = 0.0167 ml/min 
  20         
 
𝐾 =
0.0167 𝑚𝑙/ min  × 250 𝑚𝑚
(60 × 6361.73 𝑚𝑚2) × 102(450𝑘𝑃𝑎 − 101.325𝑘𝑃𝑎)
 
𝐾 =
17.25 
381703.8 × 35564.85
 
𝐾 = 3.069 × 10−10 𝑚/𝑠 
 
∴ The hydraulic conductivity of the black Vertosol before irrigation with highly saline-sodic 
solution is 3.07 x 10-10 m/s 
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Appendix 8: Salinity hazard 
assessment tables 
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